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ABSTRACT
In spite of compelling evidence-implicating caspases in drug-induced apoptosis, how tumors modulate caspase expression and activity to overcome the cytotoxicity of anticancer
agents is not fully understood. To address this issue, we investigated the role of caspases-3
and caspase-7 in determining the response of breast and lung tumor cell lines to chemotherapy.
We found that an early and late apoptotic response correlated with weak and strong cellular
caspase-activation, respectively. The results highlight an underappreciated relationship of temporal apoptotic response with caspase-activation and drug resistance. Moreover, the extent of
tumor growth restoration after drug withdrawal was dependent on the degree of endogenous
blockage of caspase-3 and caspase-7 cleavages. This points to an unrecognized role of caspase modulation in tumor recurrence and suggests that targeting caspase cleavage is a rational
approach to increasing potency of cancer drugs.

INTRODUCTION
Breast and lung cancer are responsible for about 70–80%
of cancer deaths in the world (1, 2). Current treatment modalities involving local radiation and chemotherapy are severely
limited at advanced disease stages (3), albeit effective for treating primary tumors when diagnosed early. At mid-stage cancer,
where tumor cells begin to exhibit resistance to therapy, a thorough knowledge of the processes conferring chemo-protection
to tumors is vital to improve efﬁcacy and to stem disease progression to a malignant phase. This underscores the need for
useful preclinical models focused on understanding the devious strategies adopted by tumors to overcome the cytotoxicity
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of chemotherapeutic agents. A common approach involves exposing parental tumor cell lines to increasing concentrations of
chemotherapeutic agents and assaying for cell viability, proliferation, apoptosis, and other response indicators. Such studies
have offered important insights into different modes of drug
resistance adopted by tumors for survival (1, 4–6). Nonetheless, there is a dearth in knowledge of how tumors modulate
major components of the apoptotic machinery, such as caspases, to promote malignancy (7, 8). Understanding the decisive role of caspases in the development of resistant tumor phenotypes is necessary to enhance current knowledge of death
evasion by tumors and to provide effective strategies to treat
cancers.
In this study, we explored the role of caspases in enabling
tumors to overcome drug cytotoxicity by evaluating caspase
cleavage patterns and inhibition in breast and lung tumor cell
lines. We also determined the relationship between the distinct
patterns of cell death and activation of effector caspases in the
tumor cell lines. We found that inhibition of effector caspases
limits the cytotoxicity of anticancer agents in a tumor cell-type
dependent manner. Examination of drug-induced caspase activation revealed that the inhibition of effector caspase cleavage
is an important strategy adopted by tumors to overcome drug
cytotoxicity.
417

MATERIALS AND METHODS

Caspase activity assay

Cell lines and cell culture

Vybrant FAM caspase-3 and caspase-7 assay kit (Molecu
R
lar Probes ) was used to evaluate membrane permeability and
caspase activation. To detect active caspase, an afﬁnity labeled
inhibitor speciﬁc for caspase-3 and caspase-7 (FLICA) associates a ﬂuoromethyl group bearing a carboxyﬂuorescein group
with the caspase DEVD recognition sequence. The FLICA inhibitor is cell permeant and noncytotoxic. The unbound FLICA
molecules diffuse out of the cell and are washed away. A green
ﬂuorescent signal indicates the amount of active caspase present
at the time inhibitor is added. About 1 × 104 cells were seeded
per 200 µL of media per well in a Lab Tek 8-chamber slide and
apoptosis was induced by 24 hr paclitaxel treatment. A volume
of 10 µL of 30× FLICA working solution was added to the cells
and incubated for 1 hr at 37◦ C in 5% CO2 protected from light.
Cells were washed with 1× washing buffer and PBS. A Hoechst
3342 stain and PI were added to the cells and incubated for 30
min to stain for nucleic acids and necrotic cells, respectively. The
reagents were then discarded and slides prepared for microscopy.
To quantify the levels of basal and induced caspase-3 protein and
the corresponding activity in different tumor cell lines, we used

R
a ﬂuorometric enzymatic assay, EnzChek Caspase-3 (Molecular Probes, Eugene, OR). This measures proteolytic cleavage
of the caspase-3 speciﬁc substrate, Z-DEVD-AMC (where Z
represents a benzyloxycarbonyl group, and AMC, represents
7-amino-4-methylcoumarin). The substrate ﬂuoresces weakly
in the UV range (Ex/Em∼ 330/390 nm) but yields strong blueﬂuorescent product (Ex/Em ∼342/441 nm) upon proteolytic
cleavage and allows continuous monitoring of the activity of
caspase-3 and its related proteases in cell extracts. The cell
extracts from paclitaxel-treated (25 µM) and untreated A549,
A427, and 4T1-Luc were treated with ﬁnal substrate concentration of 200 µM and incubated at room temperature for 1
hr. Fluorescence was measured with a micro plate reader using
excitation at 360 ± 40 nm, and emission at 460 ± 40 nm. Inhibition studies were done with 10 µM of a reversible caspase-3
inhibitor, Ac-DEVD, prior to treating cells with the substrate.
Experiments were performed twice in triplicate (n = 6).


R
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The human nonsmall cell lung carcinoma lines, A549 &
A427, and the mammary tumor cell line, 4T1-Luc, were obtained from American Type Culture Collection (Manassas, VA,
USA) and maintained in Ham’s F12, DMEM and RPMI medium,
respectively, supplemented with 10% fetal bovine serum and
1% penicillin and streptomycin (Herndon, VA) as described in
the literature (9).After growing to 100% conﬂuence, cells were
trypsinized (0.5 ml trypsin in 5 ml PBS) and incubated for 5–10
min. The cells were then harvested by low-speed centrifugation,
washed in 1 ml media, and seeded at 1 × 104 cells per 200 µL of
medium per well in a 96-well plastic plate (Nunc Inc. Rochester,
NY). A portion of the cells (1 × 105 cells/well) was also grown
overnight on Lab Tek 8-chamber slides (Nunc Inc. Rochester,
NY) for caspase-activity and apoptosis assays.

Cell proliferation assay
The effect of paclitaxel on tumor cell growth was evalu
R
ated using CyQuant Cell Proliferation Assay Kit (Invitrogen).
Brieﬂy, after adhering cultured cells to the bottom of 96-well
plate, the cell medium was aspirated and cells frozen at −70◦ C.
After two freeze-thaw cycles, a volume of 200 µL of diluted
working solution consisting of diluted (1:20) lysis buffer so
R
lution and diluted (1:400) CyQuant GR stock solution was
added to each well and incubated for 10 min at room temperature. For drug treatment, the same procedure was adopted, except that cells were incubated with the appropriate paclitaxel
concentrations prior to freeze-thaw cycle. Fluorescence intensity was recorded at 485 nm/528 nm (ex/em) using a micro plate
reader (Perkin Elmer Wallac VictorTM 1420 Multilabel Counter).
Separate reference standard curves were created for converting
sample ﬂuorescence intensity values into cell numbers.

Flow cytometry and apoptosis assays
To evaluate DNA content and distinguish populations of live,
apoptotic and dead cells, trypsinized 24 hr and 48 hr drug-treated
cells (A549, A427, and 4T1-Luc) were resuspended in PBS to
a concentration of 1 × 106 cells/ml. A mixture of 1 µL YO
R
PRO stock solution and 1 µL propidium iodide (PI) stock solution was added to the cell suspension. After 1 hr incubation
on ice, stained cells were analyzed by FACScan (Becton Dickinson, San Jose, CA) and gated to exclude fractured cells and
debris. About 20,000 cells were examined for each determina
R
tion. PI and YO-PRO uptake were respectively determined in
the FL2H and FL1H channels of a FACSCalibur ﬂow cytometer.
Flow data were analyzed by the BD Cell QuestTM Pro software
(version 5.1). To further distinguish between late and early apoptotic cells, drug-treated cells were examined using a Vybrant

R
apoptosis kit (Molecular Probes ). After inducing apoptosis in
cultured cells with the appropriate doses of paclitaxel, the cells

R
were incubated on ice with a mixture of YO-PRO and PI for
30 min, washed with PBS and prepared for microscopy.
418

Western blot analysis

R

Whole cell lysates were prepared in a Chaps Cell extract

R
lysis buffer (Cell Signaling Technology ). Cells were resuspended in buffer and disrupted by sonication, and after 3 freezethaw cycles, centrifuged at 14,000 rpm for 10 min at 4◦ C. The
cytosolic extract (supernatant) was transferred to a new tube
and the pellet discarded. Protein content was quantiﬁed using
the Bio-Rad protein assay (Hercules, CA) and the samples subjected to 15% SDS-PAGE. About 50 µg of lysates was loaded
for each sample. After gel transfer to Hybond PVDF membranes (Amersham Bioscience, Uppsala, Sweden), blocking was
done with 5% nonfat milk and blots were probed with antibodies for caspase-3 and caspase-7 (1:1,000 full length rabbit
caspase-3 and caspase-7 polyclonal antibodies, Cell Signaling

R
Technology ). Secondary detection was performed with goat
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anti-rabbit HRP-linked IgG secondary antibody (1:3,000 dilutions in 3% nonfat milk). Internal loading control was carried out
with β-actin and proteins were detected by enhanced chemilumi
R
nescence (Super Signal Chemiluminescent Substrate, Peirce).
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Immunocytochemistry
To determine the in situ expression of poly-ADP-ribose polymerase (PARP) and caspase-3 and caspase-7 after apoptosis
induction in tumor cells, immunocytochemical staining was

R
done using the VectaStain Elite ABC method (Vector Labs,
Burlingame, CA). Brieﬂy, drug-treated cells were ﬁxed in Lab
Tek 8-chamber slide with 4% paraformaldehyde/PBS/Ca solution for 15 min, blocked with 3% H2 O2 for 5 min and with
10% vecta stain normal goat serum for 1 hr at 37◦ C. Cells were
incubated overnight at 4◦ C with the following primary antibodies: anti-PARP antibody against 85 kDa cleaved PARP frag
R
ment (1:200 dilution in goat serum, Sigma , St. Louis, MO),
cleaved caspase-3 rabbit monoclonal antibody against p17/p19
fragments of active caspase-3 (1:100 dilution in goat serum, Cell

R
Signaling Technology , Danvers, MA), and cleaved caspase7 rabbit antibody against 20 kDa fragment of active caspase-7

R
(1:100 dilution in goat serum, Cell Signaling Technology ,
Danvers, MA). After incubation, the primary antibodies were
discarded and cells washed four times with PBS/Ca mixture, 5
min per wash. Biotinylated secondary anti-rabbit antibody was
added to the cells and incubated for 1 hr at room temperature
and stained as described (10, 11), followed by Mayers Hematoxylin counter stain (Fisher). Appropriate controls were set up
for each treatment. Cells were visualized on an Olympus FV100
microscope equipped with the appropriate band ﬁlters.

Statistical analysis
Statistical analysis was performed using nonlinear regression

R
analysis in GraphPad Prism Software (version 4.0 for windows,
San Diego, CA). Treatment groups per cell type were compared
by one-way ANOVA and different cell types were compared by
F test and Student’s t-test.

RESULTS
Paclitaxel induces a biphasic apoptotic
response and increases hypodiploid nuclei in
tumor cells in a time- and dose-dependent
manner
To elaborate and explore whether paclitaxel induces biphasic
apoptotic response in tumor cells, we performed FACS analysis
of A427, A549 and 4T1-luc cells. Extensive reports using these
cell lines and the availability of 4T1-luc and A549 in vivo tumor mouse models made these cells an attractive choice for this

R
study (12–16). Hypodiploid nuclei with YO-PRO stain distinguished apoptotic populations from PI- stained necrotic/dead
populations. Increasing drug incubation time from 24 hr to 48 hr
generally increased the percentage of apoptotic hypodiploid nuclei observed in all 3-tumor cell lines. A similar effect occurred

by increasing concentrations from 12.5 to 25 µM (Figure 1,
Row 1). Remarkably, however, we noticed distinct differences
in tumor cell line response at 24 hr and 48 hr drug treatments. At
25 µM and 24 hr incubation, the highest percentage of apoptotic
nuclei occurred in A549 cells (80%), followed by 4T1-luc cells
(65%), and then, A427 (40%) (Figure 1, Row 2A). We found
this somewhat surprising because we had expected 4T1-luc cells
to have more apoptotic nuclei based on viability and live/dead
assays from previous studies (unpublished) that showed A427
to be the more drug sensitive-cell line. Interestingly, after 48 hr
drug incubation, we observed a higher percentage of apoptotic
nuclei in 4T1-luc cells (80%) than in A549 cells (75%) (Figure
1, Row 2B and Row 3, bar diagram). The difference in apoptotic
rates between 4T1-luc and A549 at 24 hr and 48 hr is indicative of a biphasic response involving an early and late apoptotic
phase and potentially contributes to the overall differences in
their sensitivity to paclitaxel.

Effector caspase-activity in breast and lung
tumor cell lines correlates with apoptosis
patterns
To delineate the role of effector caspase activity in tumor cell
response to paclitaxel, we determined the qualitative expression
of caspase-3 and its correlation with drug–induced apoptotic
patterns in the tumor cell lines. Based on the results of our ﬂow
cytometry analysis, we expected 4T1-luc tumor cells, with advanced apoptosis, to have greater caspase activation. On the other
hand, we anticipated A549 cells, with early stage apoptosis, to
have weak caspase activation after 24 hr paclitaxel therapy. Cells
were stained with FLICA caspase-3 and caspase-7 inhibitor
reagent after drug treatment to monitor caspase-activity. To distinguish between late and early apoptotic cells, drug-treated cells
were examined using Vybrant apoptosis assay as described in
the Materials and Methods section. As anticipated, relatively
stronger effector caspase activation was observed in 4T1-luc
cells than in A549 cells (Figure 2(a) and (b), respectively). We
also found a few necrotic cell populations in 4T1-luc cells stained
for caspase-3 and caspase-7 (Figure 2(a)). Moreover, the patterns
of staining also revealed a mixture of apoptotic, necrotic and dual
stained cells in 4T1-luc cells (Figure 2(d)). However, A549-cells
did not exhibit this pattern but rather showed mostly apoptotic
cells (Figure 2(e)). We found an extensive membrane blebbing
in 4T1-luc cell populations, suggesting a more advanced stage of
apoptosis compared to A549 cells. Together, our results suggest
that paclitaxel induces apoptosis in A549 cells through weak
caspase activation but induces both apoptotic and nonapoptotic
forms of death in 4T1-luc tumor cells through strong effector
caspase activation.

Differential cleavage of effector caspases in
breast and lung tumor cell lines correlates
with paclitaxel resistance patterns
The above results provided primary evidence that caspase
activity is predictive of tumor sensitivity to paclitaxel. To further

Caspase Cleavage and Tumor Resistance
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Figure 1. Taxol induces a biphasic apoptotic response and increases hypodiploid nuclei in tumor cells (time- and dose-dependency). Drug

R
treated cells (1 × 106 cells/ml) were resuspended in buffer and stained by propidium iodide (PI) and YO-PRO dyes. Nuclei staining by PI and

R
YO-PRO were analyzed in the FL2H/FL1H channels, respectively, of a FACSCalibur ﬂow cytometer. A laser with 488 nm excitation was used

R
to induce green and red ﬂuorescence emission for YO-PRO and PI, respectively. Hypodiploid nuclei with the former stain represent apoptotic
cells. The 20,000 total events were measured for each cell sample. Oval shape represents live cells within total population; top and bottom
rectangles represent, dead and apoptotic cells, respectively, of the total population. Row 1: Representative FACS analyses of untreated and
treated hypodiploid nuclei indicate taxol-induced apoptosis in cells in time and dose-dependent fashion. Row 2: Increase in hypodiploid nuclei
is cell speciﬁc. Data represent cells treated with 25 µM paclitaxel for 24 hr and 48 hr. (A) At 24 hr the percentage of apoptotic nuclei is highest
in A549-cells (80% of total), followed by 4T1-luc (65% of total), and the lowest in A427 cells (40%). (B) At 48 hr, the highest percentage of
apoptotic nuclei is observed in 4T-1 luc cells (80%), followed by A549 (75%), then A427 (70%). Different pattern of response at 24 hr versus 48
hr is indicative of an early and late phase of apoptotic response in the tumor cells and underscores different tumor response mechanisms to
paclitaxel. Row 3: Comparison between groups treated for 24 hr and 48 hr with the same and different taxol dose reveal a time and concentration
dependent response in tumor cells. The bar diagrams summarize the dose and time response at the indicated concentrations of taxol and show
the mean values ± SD of hypodiploid nuclei with YO-PRO staining and PI-excluding cells. Statistical analysis was performed using one-way
ANOVA/F-test and student’s t-test to compare differences between groups. $ P < 0.05 –Groups treated with the same concentration but different
time points, # P < 0.05 –Groups treated with different concentrations but same time point. At 24 hr, 12.5 µM of drug induces a similar response
pattern as observed at 25 µM of drug–the higher apoptotic nuclei occurs in A549-cells (43%), followed by 4T1-luc (30%) and the lowest in A427
(15%). However at 48 hr, a different response pattern is observed, albeit the differences (%) in apoptotic nuclei are minor: at 12.5 µM of drug,
the highest apoptotic nuclei occurs in 4T1-luc (50%), followed by A549 (45%), and the lowest is observed in A427 (40%). The same response
patter occurs at 25 µM: 4T1-Luc (80%), A549 (75%), A427 (70%). (Continued)

420
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Figure 1. (Continued)

ascertain that 4T1-Luc tumor cells actually expressed increased
levels of caspase-3 protein on exposure to paclitaxel, in contrast
to A549 and A427-cells with low caspase-3 protein levels, we
determined the units of cleaved enzyme in the 3-cell lines by
a ﬂuorometric assay. A standard caspase-3 curve (Figure 3(a))
was created by reacting serially diluted (3.28 units/mg protein)
puriﬁed human caspase-3 with 100 µM of Z-DEVD-AMC
substrate. Quantiﬁcation of activated caspase-3 in lysates from
the 3-tumor cell lines showed that 4T1-luc cells have the highest
activation, with 28 units/mg of cleaved enzyme. In contrast,
A459 and A427 cells, have low levels of active enzyme, with
0.66 and 0.1 units/mg of cleaved enzyme, respectively (Figure

3(b)). Importantly, the high levels of enzyme units in 4T1-luc
cells correlate with the observed pattern of apoptosis, described
previously (Figure 2(d)). This demonstrated that differences in
apoptotic morphology in the tumor cell lines were due to different activated enzyme levels induced by paclitaxel. To complement the enzymatic assay, we performed western blot analysis
to probe separately for drug-induced caspase-3 and caspase-7
cleavage. Our immunoblot results reveal high levels of cleaved
caspase-3 in drug-treated 4T1-luc cells as indicated by strong
bands (17 kDa and 19 kDa) for the caspase-3 activation domain
(Figure 3(c)). In contrast, drug-treated A549-cells showed poor
cleavage of caspase-3 as indicated by a weak band for the

Caspase Cleavage and Tumor Resistance
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Figure 2. Effector caspase-activity in breast and lung tumor cell lines correlates with apoptosis patterns. Drug treated 4T1-luc and A549 cells

R
were stained with FLICA caspase-3 and caspase-7 inhibitor reagent (Molecular Probes, Vybrant FAM Caspase-3 and caspase-7 Assay Kit).
Cells were examined for caspase-3 and caspase-7–expression by an Olympus FV 1000 microscope with a 60×/1.2M, 0.13–0.21 NA water
immersion objective, using a 488 nm laser at 15% transmission and 535 nm emission. Green ﬂuorescence (Ex/Em ∼ 488/530 nm) signal is
direct measure of active caspase present at the time inhibitor was added. Red ﬂuorescence (Ex/Em ∼ 535/617 nm) shows necrotic cells. At
12.5 µM of drug for 24 hr :(A) Strong effector caspase activation was observed in 4T1-luc cells with a few necrotic cell populations present. (B)
Weak effector caspase-activation was observed in A549-cells. (C) Representative control from non-FLICA treated samples showed no caspase

R
detection. For the Vybrant apoptosis assay, Green Stain/YO-PRO dye shows apoptotic cells only, red stain/Propidium iodide shows necrotic
cells, while yellow stain shows both apoptotic and necrotic cells (D) 4T1-luc cells show a mixture of apoptotic, necrotic and dual stained cells,
suggesting that caspase-activation by paclitaxel leads to both apoptotic and nonapoptotic forms of death in this tumor cell line. (E) A549 cells
mostly show apoptotic stained cells, indicating that apoptosis is the major form of cell death induced by weak caspase-activity in this tumor cell
line. (F) Representative positive control population (ethanol-treated cells) shows mostly necrotic cells with no apoptotic stained cells observed.
(G) Representative negative control shows neither apoptotic nor necrotic cells.

422
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Figure 3. Paclitaxel induces differential cleavage of effector caspases in tumor cell lines. Harvested cell lysates from 3-tumor lines were incubated
with caspase-3 speciﬁc substrate for 1 hr and ﬂuorescence measurements taken by micro-plate reader. A standard caspase-3 curve was
created by reacting serially diluted puriﬁed human caspase-3 (3.28 units/mg protein) with 100 µM of Z-DEVD-AMC substrate and the resulting
ﬂuorescence measured by micro-plate reader using excitation at 360 ± 40 nm, and emission at 460 ± 40 nm. (a) Enzymatic activity of cleaved
caspase-3 over 1 hr period reveals steady state kinetics. Linear portion of this standard curve was used to quantify units of cleaved enzyme in
the tumor cell lines. (b) Quantiﬁcation of activated caspase-3 in 3-tumor cell lines shows 4T1-luc cells have the highest activation, with 28 units of
cleaved enzyme. In contrast, A459 and A427 cells have low levels of active enzyme, with 0.66 and 0.099 units of cleaved enzyme, respectively. (c)
Caspase-3 cleavage is enhanced in drug-treated 4T1-luc cells, but inhibited in drug-treated A549 and A427 cells. (i) Shows 1 hr X-ray exposure of
blotted membrane with caspase-3 and caspase-7 proteins, (ii) Shows β-actin internal control, and (iii) Shows 10-min exposure of same membrane
from (i). Western blot analysis reveals high levels of cleaved caspase-3 in paclitaxel (PTX)- treated 4T1-luc cells as indicated by strong bands
(17 kDa and 19 kDa) for caspase-3 activation domain. In contrast, paclitaxel (PTX) treated A549-cells showed weak cleavage of caspase-3,
while A427 cells showed no observable cleavage. Treatment of A427 and A549 cells with an alternative apoptogenic compound, curcumin,
produced a similar effect, with no cleaved-caspase-3 observed in these cell lines. (d) Caspase-7 cleavage, like caspase-3 cleavage, is enhanced
in drug-treated 4T1-luc cells, but inhibited in drug-treated A549 and A427 cells. Western blot analysis shows high levels of cleaved caspase-7
in drug treated 4T1-luc cells. In contrast, A549-cells showed weak cleavage of caspase-7, while A427 cells showed no observable cleavage.
Caspase Cleavage and Tumor Resistance
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activation domain (19 kDa). Interestingly, drug-treated-A427
cells showed no observable cleavage as indicated by absence of
a 17/19 kDa fragment (Figure 3(c)). In parallel with caspase-3
cleavage results, caspase-7 cleavage is enhanced in drug-treated
4T1-luc cells but inhibited in drug-treated A549 and A427 cells
(Figure 3(d)).
While no activation domain fragment (17/19 kDa) was
observed in A549 cells, a small subunit (11 kDa) was produced,
suggesting that paclitaxel induces some protein cleavage in
A549, unlike in A427-cells. The weak cleavage of effector
caspases in A549-cells suggests that it reacts to paclitaxel by
mechanisms that are partially caspase-dependent by repressing
caspase-activation or via a general down regulation of caspase7, as indicated by the weak band for pro caspase-7 in A549
compared to the slightly stronger band for A427 (Figure 3(d)).
The weak protein cleavage in resistant A59 cells is suggestive
of a protective function of effector caspase cleavage inhibition
during drug therapy.

Caspase-3 inhibition limits the
anti-proliferative effect of paclitaxel on tumor
cells in a cell-dependent fashion
Having demonstrated that varying caspase-3 and caspase-7
activity levels in different tumor cell lines mediate their sensitiv-

ity to paclitaxel, we evaluated the potential of exogenous blocking of caspase-3 to improve tumor cell survival and to reduce the
apoptotic effect of therapy in drug-sensitive tumor cells. We hypothesized that inhibiting caspase-3 activity concurrently with
or before drug treatment will limit the toxic effect of paclitaxel
on tumor survival. We predicted that resistant tumor cells with
endogenous caspase-3 inhibition capacity will beneﬁt the most
from an exogenous boost in caspase-3 inhibition, thereby countering drug toxicity better than sensitive tumors. By analyzing
tumor cell proliferation in the presence of caspase-3 inhibitor,
we observed that at 6.25 µM of paclitaxel, A549 cells showed
the most gain with about 55% change in the number of proliferating cells, relative to controls. However, 4T1-luc cells showed
a modest gain, with approximately 24% change in cell number
relative to controls (Figure 4(a)). This pattern was replicable at
concentrations ≤12.5 µM, but not at concentrations ≥25 µM,
perhaps due to loss of inhibition at higher drug doses (data not
shown). Possibly, the decrease in inhibition could be simply due
to higher levels of drug-induced caspase activity. Surprisingly,
A427-cells beneﬁted the least, with only about 11% change in
proliferation. Based on the results of our western and enzymatic
assays, we had expected at least an equal, if not greater, gain in
A427 cell proliferation compared to A549-cells, since both tumor cell lines appeared to have endogenous caspase-3 inhibition
potential.

Figure 4. Caspase-3 inhibition limits the anti-proliferative effect of paclitaxel on tumor cells in a cell-dependent fashion. Tumor cells cultured in
96-well plates were incubated for 10 min with a ﬁnal concentration of 10 µM Ac-DEVD-CHO, a reversible caspase-3 inhibitor, then treated with

R
varying concentrations of drug and allowed to grow for 48 hr. Cell proliferation was then measured using CyQuant Cell Proliferation assay, as
previously described. Appropriate controls were performed, without inhibitor and with a nonspeciﬁc inhibitor and experiments done in triplicate
n = 3. Data represent mean values ± SD. The percentage change in cell proliferation was determined relative to inhibitor controls. (a) At 6.25 µM
of paclitaxel, A549 cells showed the most gain with about 55% change in the number of proliferating cells, relative to controls without the inhibitor,
while 4T1-luc cells showed a modest gain, with approximately 24% change in cell number, relative to controls. A427-cells beneﬁted the least,
with about 11% change in proliferation, relative to controls. This pattern was replicable at concentrations ≤12.5 µM, but not at concentrations
≥25 µM, perhaps due to loss of inhibition at higher drug doses. (b) To complement studies in (a), cells treated with 6.25 µM of drug, were
allowed to grow for 48 hr, after which drug was washed off with phosphate buffered saline and cells re-cultured for another 48 hr in fresh medium.
Appropriate controls with nondrug treated cells were performed and each experiment done in triplicate n = 3. The percentage Restored Growth
was computed by the formula: 100% [1− (treatment/control)]. A427, with the least effector caspase activity, showed the most favorable response,
with approximately 18% growth restoration after drug withdrawal, followed by A549-cells, with 12% growth restoration, while 4T1-luc cells showed
the least viability, with 6% restored growth.
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To verify that the minimal change observed in A427 cells was
not simply due to loss of cells in the inhibition study, we performed a drug withdrawal study, where drug-treated cells were
re-cultured with fresh medium and allowed to proliferate for 48
hr after washing off the drug. We hypothesized that withdrawing
paclitaxel from the culture medium after therapy should allow
cells with less effector caspase cleavage to have more restoration
in growth than those with efﬁcient cleavage and that the growth
trend should replicate the resistance pattern. As expected, A427and A549-tumor cell lines, with the least effector caspase activity, showed the most favorable response, with approximately
18% and 12% growth restoration, respectively, while 4T1-luc
cells showed the least viability, with 6% restored growth (Figure 4(b)). The results demonstrate that the minimal increase in
A427 cell proliferation observed earlier in the inhibition study
was not simply due to loss of A427 cells. Rather, A427 cells
were less dependent on the functional status of caspase-3 for
survival.

Dose-dependent activation of effector caspases
by paclitaxel correlates with cleavage of
endogenous caspase substrate, PARP
To demonstrate the connection of tumor response with downstream effectors of paclitaxel, we assessed the in situ cleavage of the endogenous effector caspase substrate, PARP. This
is a DNA nick sensor that repairs damaged DNA by poly
(ADP-ribosylation) and whose cleavage by caspases serves as
a biochemical hallmark of apoptosis. We performed immunocytochemical analysis to measure the expression of activated
caspase-3 and cleaved caspase-7, as well as the consequent proteolysis of PARP. We expected to see similar patterns as observed in our previous assays. Drug-treated A549 and 4T1-luc
cells were ﬁxed with 4% paraformaldehyde/PBS/Ca solution
and probed with the appropriate antibodies. The appropriate controls were performed for each treatment (Figure5, Rows C, F, I).
As anticipated, A549 cells exhibited dose-dependent activation
of caspase-3, albeit a weak expression was observed, whereas
4T1-luc cells showed strong ubiquitous activation of caspase3, especially at 25 µM of paclitaxel (Figure 5, Rows A,B). In
line with our expectations, the expression pattern of caspase-7
replicated that of caspase-3 in both tumor cell lines, with A549
cells showing weak dose-dependent activation of caspase-7 and
4T1-luc cells displaying stronger caspase-7 expression at each
drug dose (Figure 5, Rows D, E).
The more exciting ﬁnding, however, was the relatively denser
nuclear staining of cleaved PARP, observed in 4T1-luc cells
than in A549-cells, at each drug dose (Figure 5, Rows G,H).
This ﬁnding suggests that, with less PARP cleavage in A549
cells, this tumor cell line had more store of functional PARP,
affording it the opportunity to repair damaged DNA better than
4T1-luc cells. Thus, with the weak cleavage of effector caspases,
A549-cells can maintain DNA integrity and limit the degree of
death response induced by paclitaxel. On the other hand, efﬁcient
caspase-activation with consequent ubiquitous PARP cleavage

renders 4T1-luc cells vulnerable to a full-scale death response
due to the greater degree of DNA damage. Taken together, our
results suggest a model in which tumor sensitivity to paclitaxel is
modulated by the differential activation or inhibition of effector
caspases and their subsequent interactions with their respective
substrates. Stronger activation confers drug sensitivity, whereas,
inhibition or weak activation confers resistance.

DISCUSSION
Aggressive expansion of lesions, which compromise cell proliferation, differentiation, and eventual morbidity, underpin the
pathogenesis of cancer. Moreover, it is known that tumors have
an intrinsic ability to manipulate the molecular machineries that
induce the apoptotic process which results in the evasion of
drug-induced death (17–20). Nonetheless, it is unclear how tumors co-opt major components of the apoptotic machinery, such
as caspases, to gain resistance to chemotherapeutic agents (11,
21–25). To this end, we explored the role caspases play in helping tumor cells evade the cytotoxicity of drugs by addressing
two questions: (a) what is the relationship between activation
of caspase-3 and caspase-7 and the patterns of drug resistance
and cell death in tumor cell lines and (b) to what extent does
caspase-inhibition limit the toxic effect of drugs on tumor cell
growth?
To address the ﬁrst question, it was necessary to establish
the patterns of cell death and drug resistance in different tumor cell lines. We chose breast and tumor lung cancer lines as
model systems given the high incidence of tumor recurrence
in patients suffering from these malignancies (21, 26), as well
as the numerous reports of acquired drug resistance in these
cancers (27–29). We used the well-established chemotherapeutic agent, paclitaxel, to induce death in the cells. Our analyses
reveal that breast and lung tumor cell lines exhibit a biphasic
response involving an early and late apoptotic phase with major differences in sensitivity to drug. Whereas the breast tumor
cells displayed relatively higher sensitivity, lung tumor cells appeared to be more resistant to chemotherapy. The differences
in response patterns between the two tumor cell lines could be
attributed to the ability of the tumor cell types to either activate
or deactivate speciﬁc components of the death response pathway. In particular, the observed early and late response in lung
versus breast tumor cell lines, perhaps, point to the activation of
upstream and downstream components, respectively.
To determine the underlying mechanism of tumor response
in the two cell lines, we evaluated the activation of caspses-3
and caspase-7, known to act downstream of the apoptotic pathway (30). We found that an early apoptotic response in lung
tumor cells correlated with weak caspase-activation, whereas a
late response correlated with strong caspase-activation in 4T1luc cells. Considering that the more sensitive breast tumor cell
line, with late apoptotic phase response, displayed >40–200%
units of drug-induced caspase activity than lung tumors, which
had early phase response, our ﬁnding reveals an underappreciated relationship of temporal apoptotic response with caspaseactivation and drug resistance.
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The high threshold in 4T1-luc cells, however, requires strong
caspase-activation to yield the apoptotic phenotype in the early
phase (Figure 2(a)). In the late phase, the trend is reversed such
that A549-cells require higher levels of caspase activation to induce apoptosis, thus the relative net change in A549-tumor cell
apoptosis is minimal. In contrast, 4T1-luc cells, with a relatively
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Noteworthy, an illuminating observation from this study is
that the two cell lines appear to exhibit a dual threshold for
caspase-driven execution of apoptosis. In the early phase of
apoptosis, A549-cells have a lower threshold than 4T1-luc cells.
Therefore, in spite of its weak caspase activation (Figure 3),
the A549-cell line shows more signs of apoptosis (Figure 2(e)).

Figure 5. Dose-dependent activation of effector caspases by paclitaxel correlates with cleavage of endogenous caspase substrate, PARP.
Immunocytochemical analysis was performed to assess the in situ cleavage of the endogenous effector caspase substrate, poly-(ADP-ribose)polymerase (PARP), by activated caspase-3 and caspase-7. In each image, arrows point to brown spots, which reﬂect areas of caspase-3,
caspase-7 and PARP expression. (Row A) A549 cells show dose-dependent activation of caspase-3, albeit a weak expression is observed.
(Row B) 4T1-luc cells show a strong ubiquitous activation of caspase-3, especially at 25 µM of paclitaxel, compared to top image of A549-cells
at 25 µM of drug. (Row C) Control populations: (I) Representative positive control with ethanol treated cells show strong ubiquitous caspase-3
activation (II) Representative negative control with caspase-3 binding peptide shows no expression of cleaved caspase-3 (III) control expression
in the absence of cleaved caspase-3 primary antibody. (Row D) A549 cells show weak dose-dependent activation of caspase-7. (Row E) At
each indicated drug dosage, 4T1-luc cells showed stronger caspase-7 activation, compared to A549 cells (top images). (Row F) Representative
Control Populations: (I) positive control with ethanol treated cells show strong ubiquitous caspase-7 activation. (II) Negative control with caspase-7
binding peptide shows no expression of cleaved caspase-3 (III) control expression in the absence of cleaved caspase-7 primary antibody. (Row
G) A549 cells show dose-dependent nuclear expression of cleaved PARP. (Row H) 4T1-luc cells show regions of dense nuclear activation of
PARP in a dose-dependent fashion. (Row I)– (I), (II), and (III) show representative positive control, negative control with PARP binding peptide
and without primary PARP antibody, respectively. (Continued)
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Figure 5. (Continued)
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lower threshold in the late phase, exhibit greater net change in
apoptosis. The heterogeneity of death phenotypes in 4T1-luc
cells underscores the fact that other pathways act in synergy
with caspase-activation, to regulate cell death in this cell line.
Together, the results evoke a graded correlation between
apoptosis and caspase activity, involving two alternating thresholds. We reason that this sophisticated strategy allows the more
resistant A549-tumor cell to simulate molecular mimicry of
apoptosis at the early phase. This survival mechanism yields
lower net change in apoptosis, allows the cells to slip into a
dormant state and evade the long-term effects of the chemotherapeutic agent. Therefore, withdrawal of drug or termination of
drug treatment restores tumor cell growth (Figure 4(b)). Essentially, through ﬁne-tuned modulation of executioner caspase
cleavage, A549-cells are able to ensure their survival. In contrast, for 4T1-luc cells, the initial high threshold means strong
caspase activation to a point of no return, and this renders the
cells susceptible to the toxic effects of paclitaxel.
Furthermore, we postulate that, with the early apoptotic response, lung tumor cells are more able to counter the therapeutic response by limiting activation of the apoptotic machinery,
whereas the breast tumor cells with a late response are unable to
have this effect. Observation of strong activation of downstream
caspase targets in breast tumor cells such as PARP corroborates this model and underscores a major ﬁnding of our study.
Thus, the difference between breast and lung tumor cancer cell
response to chemotherapy resides potentially in the ability or inability to partially or completely block caspase-3 and caspase-7
cleavage. In the case of lung tumors, blocking caspase cleavage
confers resistance to paclitaxel, while in the case of breast tumor
cells, lack of this cleavage inhibition or conversely, an efﬁcient
cleavage, renders tumor cells sensitive to drug treatment. Work
by others implicating the inhibition of caspase-9 and caspase10 in promoting clonogenic survival during paclitaxel treatment
provides a strong support for our observations (4, 30–32).
To strengthen the postulation that caspase inhibition is vital
to paclitaxel resistance in tumor cells, we determined the degree
to which exogenous inhibition of caspase-3 activation can limit
the cytotoxicity of paclitaxel on tumor survival. In general, the
paclitaxel-resistant lung tumor cells exhibited more gain in survival with exogenous caspase-3 inhibition than did breast tumor
cells. Replication of this result on drug withdrawal reinforced
the assumption that tumor cell resistance to paclitaxel occurs
through complete blockage of caspase activation or through an
ability to conceal the activation event by weak caspase cleavage–
a form of inoculation. The concealed death process probably puts
cells in a temporary apoptosis mode, which becomes reversible
with drug depletion. Additional studies are needed to validate
this model, which has strong clinical implications if proven true.
For one, it emphasizes the danger of prolonged lapses in the time
between therapy administrations because this allows cells to revert to their tumorigenic status.
Moreover, our observations point to the role of caspase modulation in tumor recurrence and suggest that targeting caspase
cleavage is a rational approach to increasing potency of cancer
drugs. Combined with the drug withdrawal results, we conclude
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that tumor cells, which are intrinsically able to interfere with
caspase-3 activity beneﬁt the most from an external caspase-3
inhibition stimulus. Therefore, while targeting caspase inhibition has implications for clinical therapy, our ﬁndings underscore
the need for speciﬁc inhibitor agents because tumors exhibit a
varying range of responses to different inhibition methods. In
addition, we suggest a focused study on the transcriptional and
translational regulation of effector caspases in tumor cells. Given
the plausibility of dual thresholds for therapeutic response, a
solid grasp of the regulatory processes underlying caspase activity in tumors promises to unravel novel ways to effectively
target caspases. Other avenues to explore include using agents
that co-activate caspases and key lyososomal proteases implicated in tumor cell death (33). Tumor growth regulation is a
concerted effort to limit death and promote proliferation, thus,
combination therapy that seeks to enhance tumor death and limit
proliferation will be a step in the right direction.
In spite of reports to the contrary (34), our ﬁndings emphasize the central role effector caspases play to facilitate tumor evasion of chemotherapy. While it is possible that defective caspase
cleavage in lung tumor cell lines occurs as result of folding mutations in caspase-3, others have demonstrated these events to be
rare and unlikely (35). Nonetheless, it is plausible that strategies
such as stress responses and disruptions in the caspase-3 activation loop, as well as upregulation of unidentiﬁed endogenous
inhibitors play a decisive role in the development of resistance
to paclitaxel. In summary, our study suggests that modulation
of caspase cleavage is a strategy adopted by tumors to overcome paclitaxel-mediated cytotoxicity. Ultimately, a solid grasp
of caspase regulation is essential to improve the efﬁcacy of anticancer agents and to minimize tumor recurrence.
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