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Abstract

Leukaemia is the most common childhood cancer, and whilst recent advances in therapy have improved survival,
current treatments are still limited by their side effects. Thus, new therapies are urgently needed, this study
investigated the effects of Falcarinol, a polyacetylene isolated from carrots (Daucus carota) in combination with
chemotherapy agents, anti-cancer agents and other apoptosis inducers. Inhibition of cellular proliferation and
induction of apoptosis were investigated in three human lymphoid Leukaemia cell lines. Cellular proliferation was
determined via ATP quantification using the Cell Titer Glo assay. Induction of apoptosis was investigated using
caspase 3 activity assay and confirmed by nuclear morphology using Hoechst 33342. The study demonstrated that
CCRF-CEM cells failed to induce synergistic response with any of the investigated chemotherapies, but importantly
no inhibition was observed either. Jurkat cells showed a significant synergistic induction of apoptosis following joint
treatment with Falcarinol and a Death Receptor 5 agonist (DR5), whereas CCRF-CEM cells showed only an additive
response. Conversely within MOLT-3 cells Falcarinol partially inhibited the induction of apoptosis by DR5 agonist
although this failed to reach significance. However MOLT-3 cells demonstrated synergistic induction of apoptosis
when Falcarinol was combined with either Bortezomib (proteosome inhibitor), or Sulforaphane (histone deacetylase
inhibitor). Identification of interactions between natural bioactive compounds with anti-cancer drugs may provide new
pathways to target cancerous cells. Furthermore, since some combinations enhance apoptosis but some inhibit
apoptosis it may be important to consider these interactions for dietary advice during therapy.
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Introduction
Leukaemia is the most common childhood cancer, whereby

abnormal white blood cells (leukocytes) are produced. These abnormal
cells accumulate in the bone marrow and prevent the production of
other vital blood cells resulting in anaemia and immunodeficiency.
Commonly, Leukaemia affects children who are between two and four
years old, but children and adults of any age can develop this blood
malignancy [1]. Although there are effective treatments for certain
types of Leukaemia, it remains a major cause of morbidity and
mortality with more than 4300 deaths from Leukaemia in the UK
annually [2]. Moreover, mortality rates for both men and women from
Leukaemia have shown only a very gradual decline between the late
1970's and 2008 in the UK [3], demonstrating the need to find
treatments. One potential source of novel therapeutic agents is
bioactive compounds isolated from natural sources. Our previous
work has implicated Falcarinol a natural polyacetylene from carrots
(Daucus carota) as a potential inducer of apoptosis and inhibitor of
cellular proliferation within Leukaemia cell lines [4,5]. A potential role
for natural agents in anti-cancer therapies is in the combination with
existing chemotherapy and anti-tumour agents. If these agents interact
synergistically, they could lead to a dramatic reduction in the dose of
chemotherapy agents required and thus decrease side effects and the
morbidity associated with their use.

Induction of apoptosis as a target for anti-cancer therapies holds
great promise as apoptosis leads to the permanent removal of tumour

cells without triggering an inflammatory response and causing nearby
tissue damage [6]. There are two main pathways which lead to
apoptosis firstly the extrinsic (death receptor) pathway where cell
membrane receptors known as the death receptors (FasR, TNFR1,
DR4 and DR5) are activated via cytotoxic ligands leading to caspase 8
activation, which activates the execution caspases 3, 6 and 7 [6-8].
Secondly, the intrinsic (mitochondrial) pathway is activated by
induction of the pro-apoptotic members of the Bcl-2 family [8]. This
induces cytochrome c release and subsequent activation of caspase 9
which can then activate the effector caspases [9,10]. Many anti-cancer
drugs induce apoptosis by the activation of both the extrinsic and
intrinsic pathways [6-9,11]. For example, treatment of cancer cell lines
with chemotherapy agents, such as Cisplatin, Etoposide and
Methotrexate, induce activation of Fas receptors via over expression of
FasL [6,12]. These agents can also increase production of Bax in
response to DNA damage and p53 activation which leads to
cytochrome c release from the mitochondria and activation of caspase
3 [6]. However, many agents in current use or under investigation as
potential chemotherapeutic agents selectively target specific agents
within apoptotic pathways. This study assesses whether selected anti-
tumour agents act synergistically with the known pro-apoptotic and
anti-proliferative effects of the natural bioactive compound: Falcarinol,
in Leukaemia cell lines.

Chemotherapy drugs
Cisplatin is one of the most widely used anti-cancer drugs and is a

DNA-damaging agent used in the treatment of head, neck, lung,
ovarian cancers and lymphoma [13,14]. Nevertheless, the clinical use
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of Cisplatin is associated with a number of side effects including;
nausea and vomiting, whilst the most serious side effects are
neurotoxicity [15], and nephrotoxciity [16]. Cisplatin works by
crosslinking DNA interstrand and intrastrands preventing DNA
transcription, replication and cellular division (mitosis) [17,18]. The
damaged DNA is then unable to undergo DNA repair and thus
initiates apoptosis [18-20]. Etoposide is one of the most widely used
chemotherapy agents [21-23]. Etoposide is a member of DNA
topoisomerase II (topo2) inhibitors, which inhibit the ligation and
joining of the DNA strands together. Thus generating DNA double-
strand breaks and induce a progressive inhibition of DNA replication
[23,24]. Induction of DNA double-strand breaks by Etoposide has
been considered as the key mechanism responsible for its pro-
apoptotic and anti-tumour properties [24-26]. Chlorambucil is a DNA
alkylating agent, which has been used as a standard chemotherapy
treatment for lymphomas and CLL for more than 40 years [27]. The
mechanism of action of this drug is thought to be as a result of binding
to RNA, proteins and DNA. Resistance to Chlorambucil could be seen
as a result of increased drug metabolism or increased DNA repair [28].
5-Fluorouracil (5-FU) has been widely used in the treatment of cancer
over the past 30 years [29,30]. However, the response rates to the
single-agent treatments have not been satisfactory and drug resistance
remains a significant limitation to its clinical use. 5-FU induces
apoptosis via induction of DNA strand breaks [31], leading to
induction of p53, hence mutations in p53 can lead to 5-FU resistance
[32].

6-Mercaptopurine (6-MP) is an immunosuppressive drug used to
treat Leukaemia and lymphoma particularly childhood lymphoblastic
Leukaemia (CLL) [33,34]. 6-MP inhibits purine nucleotide metabolism
and synthesis which leads to dysfunctional synthesis and function of
RNA and DNA [33]. The DNA and RNA damage that results triggers
activation of intrinsic apoptosis via p53. However, because of its severe
side effects including inhibition of normal haematopoiesis which can
lead to increased risk of infection, anaemia and reduced blood clotting
and bleeding, the use of this therapeutic strategy is problematic [33].
As such the use of dual therapies which could reduce the
chemotherapy dose used, and thus lead to reduced side effects would
be beneficial [35].

Apoptotic inducer agents
Bortezomib (Velcade, PS-341) is a proteasome inhibitor which

induces apoptosis in several blood cancers and solid malignancies,
including mantle cell lymphoma, myeloma, and T cell Leukaemia cell
line (Jurkat) [36-40]. Combination of histone deacetylase inhibitors
(HDACis) with Bortezomib within Leukaemia cell lines has
demonstrated potential to overcome resistance [41,42]. However,
certain natural agents have also been shown to inhibit the actions of
Bortezomib, of particular note were the inhibitory actions of the
dietary Flavonoid: Quercetin, in B cell lines and primary CLL cells
[43]. These potential inhibitory actions highlight the importance of
identifying whether natural agents act synergistically with therapeutic
agents but also to ensure that they do not inhibit their actions.

Leptomycin B (LMB) is a nuclear export inhibitor, which prevents
protein transfer from the nucleus to the cytoplasm through nuclear
pores leading to accumulation of proteins within the nucleus such as
p53 and NFκB leading to modulation of apoptotic signalling [44,45].
LMB acts synergistically with a number of anti-cancer agents such as
ABL kinase inhibitor: Imatinib mesylate by excluding BCR/ABL from
the cytosol leading to accumulation of death signals in the nucleus of

CML cells [46]. Sulforaphane a HDACi increases acetylated histones
H3 and H4, leading to re-expression of silenced genes such as p21 and
Bax [47]. Sulforaphane also induces apoptosis and cell cycle arrest by
downregulation of NF-κB, and inhibits cancer stem cell properties
such as self-renewal and ALDH1 expression [48,49].

Specific agonists to death receptors are in clinical trials and have
shown promise in tumour therapies either as single agents or in
combination with cytotoxic chemotherapy [50]. Mouse anti-human
DR5 monoclonal antibody (AD5–10) has been shown to induce
apoptosis in T cell Leukaemia cell line (Jurkat) [50]. However, a
number of Leukaemia cell lines display partial resistance to death
receptor agonists, within which, a number of Methoxyflavone
derivatives have been shown to enhance death receptor induced
apoptosis [51]. Here, we investigated whether Falcarinol could act
synergistically with death receptor agonists to induce apoptosis.

This study tested the hypothesis that Falcarinol isolated from
Daucus carota demonstrates synergistic actions on chemotherapeutic
or anti-cancer agents within human lymphoid Leukaemia cell lines.

Materials and Methods

Cell culture
Three human lymphoid Leukaemia cell lines were used in this

study, which we have previously shown have high sensitivity to
Falcarinol [5], CCRF-CEM (acute lymphoblastic Leukaemia) (ATCC:
CCL-119, Middlesex, UK); Jurkat (peripheral blood T cell Leukaemia)
(ATCC: TIB-152, Middlesex, UK); and MOLT-3 (acute lymphoblastic
Leukaemia patient relapsed following chemotherapy) (ATCC:
CRL-1552, Middlesex, UK) [5]. All cell lines used in this study were
routinely tested against mycoplasma bacterial infection using the
MycoAlert® Mycoplasma Detection Kit (Lonza, USA). Cells were
cultured in RPMI 1640 medium (Invitrogen, Paisley, UK)
supplemented with 10% (v/v) fetal bovine serum, 100 µg/ml penicillin/
streptomycin and 1.5 mM L-Glutamine (complete RPMI) and
incubated at 37ºC with 5% CO2. Prior to stimulation, cells number
were transferred into 12 well plates at a cell density of 1x106 cells per
ml.

Individual treatment with chemotherapy agents
Cisplatin, Chlorambucil and 5-FU were investigated at 2.5 to 10

µM, whilst Etoposide was investigated at 5, 50 and 5000 nM on CCRF-
CEM cells to assess their ability to inhibit ATP levels with less than
20% to be used in the combination treatment to investigate synergistic,
additive or inhibitory effects.

Individual treatment with anti-tumour agents
A dose response curve for different concentrations of Falcarinol, 6-

MP, Bortezomib, human Death Receptor 5 (DR5) agonistic
monoclonal antibody, LMB and Sulforaphane was determined using
Jurkat cells. Doses which induced less than 20% apoptotic cell death
were then used in combination treatments to investigate synergistic,
additive or inhibitory effects.
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Effects of individual and combination treatment on
apoptotic induction

Half a million CCRF-CEM cells per well were treated with
Cisplatin, Etoposide, Chlorambucil and 5-FU with or without
Falcarinol for 24 and 48 h. Moreover, three lymphocytic leukaemia
cells; CCRF-CEM, Jurkat and MOLT-3 were treated with 6-MP,
Bortezomib, DR5, LMB and Sulforaphane in the presence or absence
of 6 μM Falcarinol in 12 well plates, following 24 h cells were stained
with caspase 3 activity assay (Cambridge Biosciences, Cambridge, UK)
and analyzed on the flow cytometer using a BD FACS Calibur
instrument (BD, Oxford, UK) as previously described. Data, from at
least 10,000 events per sample, were recorded and processed using the
Cell Quest software (Becton–Dickinson, UK). Dot-plots were analyzed
using Flow Jo software (Tree Star, Inc). To confirm synergistic actions
200,000 cells per well were treated as above for 24 h. Following
treatments cellular content from each culture well was transferred to
eppendorf tubes and centrifuged for 5 minutes at 400g at 4ºC. The
supernatant was removed, and cells washed in 100 µl DPBS. Cells were
then resuspended in 100 µl 4% (w/v) paraformaldhyde/DPBS and
stored at 4ºC overnight. One hundred microlitres of cell suspension
was transferred to slides via 10 minute cytospin (Shandon Cytospin 3
Centrifuge) at 1000 rpm. Samples were air dried and washed twice
with DPBS then stained in 100 µl of 10 μg/ml Hoechst 33342 (Sigma,
Poole, UK) for 10 minutes in the dark. Slides were mounted in 90%
(v/v) glycerol/PBS and coverslips sealed with nail varnish. Nuclear
morphology was examined using an Olympus BX61 fluorescence
microscope using a 350 nm U-MNV filter (Olympus, Essex, UK).
Images were captured using Q Capture- Pro 8.0 (UVP BioImaging
Systems, Loughborough, UK).

Effects of individual and combination treatment on
proliferation

Inhibition of cellular proliferation was assessed using Cell Titer Glo
Luminescent Cell Viability Assay kit (Promega, Southampton, UK) to
measure the ATP level of metabolically active cells following 24 h of
combination treatment on CCRF-CEM, Jurkat and MOLT-3 cell lines
as per manufactures instructions.

Statistical analysis
Average and Standard error of the mean (SEM) was calculated and

Stats Direct (Cheshire, UK) was used to test whether data followed a
normal distribution using a Shapiro Wilke test. Data were non-
parametric and thus a Kruskal-Wallis test and a Conover-Inman Post
hoc test was used to investigate significant differences. Results were
considered statistically significant when P ≤ 0.05. In order to
investigate synergistic responses the expected additive responses from
the combination treatment were calculated by adding the percentage
of apoptotic cells induced from the Falcarinol treatment alone to the
percentage of apoptotic cells induced by the apoptotic inducer agent
under investigation. The effect was considered synergistic when the
result of combination treatment was significantly higher than the
expected additive effect and also to each single agent treatment, the
additive response seen when the result of combination treatment was
not significant to the expected additive effect, while for an inhibitory
effect, the combination treatment showed a lower significant effect
than the expected response.

Results

Individual effects of chemotherapy agents on CCRF-CEM
cells

Cisplatin, Etoposide, Chlorambucil and 5-FU were used at different
concentrations to assess their ability to induce anti-proliferative effects
on CCRF-CEM cells assessed by the Cell Titer Glo assay. All
concentrations of Cisplatin, Etoposide, Chlorambucil and 5-
Fluorouracil investigated showed a significant (P ≤ 0.05) decrease in
the percentage of ATP level following 24 h (data not shown). From
these investigations doses of Cisplatin (2.5 µM), Etoposide (5 nM),
Chlorambucil (2.5 µM) and 5-Fluorouracil (5 µM) were selected for
further treatments as these induced less than 20% decrease in the ATP
levels.

Individual effects of anti-tumour agents on Jurkat cell line
Jurkat cells were treated with different concentrations of anti-

tumour agents individually to assess their ability to induce low levels
of apoptotic cells as measured by caspase 3 activation. Treatment of
Jurkat cells for 24 h with 6 µM Falcarinol, 10 µM 6-MP, 2.5 nM
Bortezomib, 25 ng/ml DR5, 0.5 nM LMB and 25 µM Sulforaphane
were identified as inducing less than 20% apoptosis (Figure 1) and
thus were selected for combination treatments.

Figure 1: Induction of apoptosis detemined via caspase 3 activity
assay within Jurkat cells following 24 h of treatment with Falcarinol
(A), 6-MP (B), Bortezomib (C), DR5 agonist (D), Leptomycin B
(LMB) (E) and Sulforaphane (F). Percentage cells positive for
caspase 3 activitiy assay displayed as means ± SEM, *P<0.05
compared to untreated cells.
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Combination effects on induction of apoptosis determined
via caspase 3 activity and morphological analysis

Combination therapies with chemotherapy agents: CCRF-CEM
cells showed significant (P ≤ 0.05) yet small decrease (3%) in the
number of live cells following the treatment with 5 µM Falcarinol in
combination with 2.5 µM Cisplatin when assessed after 24 h (Figure
2A). However, the treatment with Cisplatin alone showed a greater
decrease (5.5%) in the number of live cells after 24 h (Figure 2A).
Similarly, following 48 h the reduction in live cell population and

increase in caspase 3 activity was significantly higher following the
treatment with Cisplatin alone than in combination with Falcarinol
(Figure 2A). Similarly individual Etoposide treatment showed a
greater induction of apoptosis than seen following combination
treatment with Falcarinol, although this was not significant to the
individual treatment with Etoposide (Figure 2B). On the other hand,
an additive response was seen in CCRF-CEM cells following the
treatment with 5 µM Falcarinol combined with 2.5 µM Chlorambucil
or 5 µM 5-Fluorouracil following 24 h (Figure 2C and 2D).

Figure 2: Induction of apoptosis detemined via caspase 3 activity assay within CCRF-CEM cell line following the treatment with Falcarinol
together with Cisplatin (A), Etoposide (B), Chlorambucil (C) and 5-Fluorouracil (D) after 24 and 48 h. Percentage cells positive for caspase 3
activitiy assay displayed as means ± SEM, *P<0.05 compared to untreated cells.

All cell lines displayed an additive response when Falcarinol was
combined with 6-MP (Figure 3A). MOLT-3 cells showed a significant
(P ≤ 0.05) synergistic induction of caspase 3 activity following 24 h
incubation with Falcarinol and Bortezomib (Figure 3B). However,
only an additive response was seen within CCRF-CEM and Jurkat cells
(Figure 3B). These results were confirmed using morphological
assessment of apoptosis (Figure 4).

CCRF-CEM cells showed no significant increase in apoptosis as
determined by percentage of caspase 3 positivity with either Falcarinol
or DR5 agonist alone, combination therapy was not significantly
different than the expected additive effect (Figure 3C). However,
Jurkat cells showed significant (P ≤ 0.05) synergistic response
following treatment with Falcarinol and DR5 agonist following 24 h
(Figure 3C).

Morphological assessment confirmed these results (Figure 5). In
contrast, an inhibitory effect was observed following the treatment
with Falcarinol combined with DR5 agonist in MOLT-3 cells
compared to single agent treatments (Figure 3C).

However, no synergistic response were seen following combination
of Falcarinol with Leptomycin B (Figure 3D). MOLT-3 cells showed a
significant (P ≤ 0.05) synergistic induction of caspase 3 activity
following 24 h incubation with Falcarinol and Sulforaphane (Figure
3E). Conversely CCRF-CEM and Jurkat cells only demonstrated
additive responses when Falcarinol was combined with Sulforaphane
(Figure 3E).
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Figure 3: Induction of apoptosis detemined via caspase 3 activity
assay within CCRF-CEM, Jurkat and MOLT-3 cells following
combination treatments with Falcarinol together with 6-
mercaptopurine (A), Bortezomib (B), DR5 agonist (C), Leptomycin
B (D) and Sulforaphane (E) after 24 h. Percentage cells positive for
caspase 3 activitiy assay displayed as means ± SEM, *P<0.05
compared to untreated cells.

Figure 4: Induction of apoptosis determined via nuclear
morphology following Hoechst 33342 stain following treatment of
MOLT 3 cells for 24 h with Falcarinol and Bortezomib alone and in
combination. Scale bar=25 µm.

Figure 5: Induction of apoptosis determined via nuclear
morphology following Hoechst 33342 stain following treatment of
Jurkat cells for 24 h with 25 ng/ml DR5 and 6 µM Falcarinol, as
either single agents or in combination. Scale bar=25 µm.

Combination effects on cellular viability determined via ATP
levels

6-MP demonstrated a direct inhibitory effect on ATP production
when assessed with Cell Titer Glo (Figure 6A). This was also
confirmed with Trypan blue staining assay to determine the level of
live cells, which showed a significant (P ≤ 0.05) decrease in the number
of viable cells after treatment with Falcarinol alone and 6-MP alone
and significant increase (P ≤ 0.05) following combination treatment.

CCRF-CEM, Jurkat and MOLT-3 cells showed a significant
decrease in ATP level compared to control cells following combined
treatment with Falcarinol and Bortezomib for 24 h (P ≤ 0.05) (Figure
6B).

Single and combination treatment with Falcarinol alone and
Falcarinol with DR5 agonist showed no significant decrease in ATP
levels in CCRF-CEM. However, Jurkat cell line showed a significant
decrease in the level of metabolically active cells after combination
treatments compared to the treatment with either DR5 agonist or
Falcarinol alone (Figure 6C). Moreover, MOLT-3 cells showed a 35%
decrease with Falcarinol, no effect with DR5 and only 17% decrease in
ATP levels with combination treatment (Figure 6C).

All three Leukaemia cell lines showed a significant decrease in ATP
level when assessed after 24 h treatment with Falcarinol in
combination with Leptomycin B (Figure 6D). Similarly, the effect of
Falcarinol and Sulforaphane treatment on all examined cells
significantly decreased ATP levels (P ≤ 0.05).

For example, in CCRF-CEM the ATP level decreased ~25% in cells
treated individually with Falcarinol or Sulforaphane whereas the
combined treatment showed approximately 40% reduction in ATP
levels (Figure 6E).
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Figure 6: Cellular viability investigated using Cell Titre Glo assay to
measure the ATP levels as a measure of cell viability within three
human Leukaemia cell lines (CCRF-CEM, Jurkat and MOLT-3)
following 24 h of individual and combied treatment with
Falcarinol, DR5, Bortezomib, Leptomycin B, Sulforaphane and 6-
MP. Percentage ATP levels normalized to untreated controls
displayed as means ± SEM, *P<0.05 compared to untreated cells.

Discussion
Falcarinol, a natural polyacetylene from carrots (Daucus carota) has

been previously indicated as an inducer of apoptosis and inhibitor of
cellular proliferation within Leukaemia cell lines [4,5]. The key
potential for natural agents in anti-cancer therapies is in the
combination with existing chemotherapy and anti-tumour agents. If
chemotherapy and anti-tumour agents interact synergistically with
Falcarinol, this could lead to a dramatic reduction in the dose of
chemotherapy agents required and thus decrease side effects and the
associated morbidity with their use. Here, we demonstrated that the
combination of Falcarinol with several apoptotic inducer agents or
chemotherapy drugs resulted in differential responses within three
human lymphoid Leukaemia cell lines.

CCRF-CEM cells failed to show any synergistic response with either
of the investigated chemotherapies (Cisplatin, Etoposide,
Chlorambucil and 5-Fluorouracil). Cisplatin treatment in CCRF-CEM
cells in combination with Falcarinol showed a lower cytotoxic effect
toward live cells as well as apoptotic induction when compared to the
individual treatment with 2.5 µM Cisplatin following 24 and 48 h.
Similarly, apoptotic induction within CCRF-CEM cells was greater
following 24 h treatment with Etoposide alone, than in combination
with Falcarinol. However, an additive response in CCRF-CEM was
seen when treated with Falcarinol combined with Chlorambucil or 5-
Fluorouracil following 24 h. Similar to our results, Kwa and colleagues
(2010) found that the treatment with Chlorambucil with the HDACi,
sodium butyrate resulted in an additive induction of apoptosis within

lymphoid leukaemia cell lines LP-1 after 3 days post treatment [52]. In
addition, treatment with 5-Fluorouracil in combination with fish oil-
based lipid emulsion (FO) which was rich in omega-3 fatty acids
showed a greater effect on growth inhibition of the colon cancer cell
line Caco-2 than 5-FU alone [53].

6-MP demonstrated additive actions with Falcarinol, inducing
caspase-3 activity within all three Leukaemia cell lines. In contrast, the
ATP level of combined treatment was significantly higher than single
agent treatment, this suggests that the combination of 6-MP with
Falcarinol results in a reduced effectiveness of 6-MP.

Within CCRF-CEM and Jurkat cells, no significant increase in
caspase-3 activity was observed either with individual or combined
treatment with Falcarinol and Bortezomib after 24 h although
increases were observed which did not reach significance. MOLT-3
cells showed a significant synergistic response to Falcarinol and
Bortezomib treatment with 15% higher apoptotic cells compared to
the expected additive effect, in contrast the ATP level of metabolically
active cells showed similar decreases following Falcarinol alone and in
combination with Bortezomib (67%), demonstrating a specific
synergistic response to induction of apoptosis as opposed to cellular
proliferation which warrants further investigation. The targeted
synergy to apoptosis suggests increased sensitivity to unfolded
proteins or accelerated accumulation of proteasome degraded pro-
apoptotic factors such as the FOXO transcription factors.

Jurkat cells demonstrated sensitivity to DR5 agonists, inducing
apoptosis and inhibiting cellular proliferation which agrees with
previous studies [50]. A number of agents have been shown to act as
sensitizers to DR5 ligands, including TRAIL [54], here we
demonstrated Falcarinol induced apoptosis in a synergistic manner
with DR5 agonists suggesting its role as a TRAIL sensitizer. Here, we
show for the first time that MOLT-3 cells are sensitive to DR5
agonists, which has been shown previously for MOLT-4 cells [55]
which are derived from the same patient. Importantly however within
these cells an antagonistic effect was seen in combination with
Falcarinol. The differential effects seen between cell lines highlights
key differences in apoptotic signalling between leukaemia cell lines
[56]. Jurkat cells which have been shown to be highly sensitive to DR5
agonists previously [57], classically undergo type I rapid apoptosis and
a synergistic induction of apoptosis was observed in these cells when
combined with Falcarinol. In contrast, most tumour cell lines undergo
type II apoptosis, which could account for differential affects between
Jurkat and MOLT-3 cells. Interestingly other agents which
synergistically induce apoptosis in leukaemia cells have been shown to
act via increasing the expression of DR5 but not DR4 via activation of
JNK signalling [58], further studies are required to determine if this is
the mechanism of synergy induced by Falcarinol.

In this study, we demonstrated that Leptomycin B (LMB)
significantly induced apoptosis and decreased proliferation in all cell
lines, although synergistic interactions were not observed additive
responses were seen. Leptomycin B is known to induce apoptosis
through blocking CRM-1 mediated nuclear exports leading to
accumulation of pro-apoptotic proteins such as p53, FOXO
transcription factors and HSP 27 within the nucleus [44,59]. In 2006, a
study showed synergistic actions of Leptomycin B with the ABL kinase
inhibitor Imatinib Mesylate [46]. These actions are thought to be
brought about by Leptomycin B trapping BCR/ABL in the nucleus and
thus BCR/ABL cannot induce proliferation/survival as this signal is
normally passed on to cytoplasmic mediators [46]. Nuclear
accumulation of p53, FOXO transcription factors and HSP 27 within
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the nucleus may induce apoptosis, however the lack of synergy
observed within the current study with Leptomycin suggests that
Falcarinol induced apoptosis is unlikely to be via increased signalling
through CRM-1 responsive pro apoptotic transcription factors such as
FOXO.

Combination treatment with Falcarinol and the HDACi,
Sulforaphane showed only an additive response in CCRF-CEM and
Jurkat cells after 24 h whereas a significant synergistic effect was
observed in MOLT-3 cells as determined by caspase-3 activity and
nuclear morphology. Sulforaphane has been previously demonstrated
to induce apoptosis within U937 cells and Jurkat cells [60,61].
Moreover, Sulforaphane significantly inhibited cellular growth within
CCRF-CEM and Jurkat cells following combined treatment with
Falcarinol. HDACi inhibit proliferation and induce apoptosis via re-
expression of tumour suppressor genes, such as p21 that have been
epigenetically silenced by chromatin modifications [60]. HDACi
prevents histone deacetylation and since acetylated chromatin is more
transcriptionally active it is associated with tumour suppressor gene
re-expression. Thus the synergistic responses seen within MOLT-3
highlight the potential role of Falcarinol in modulating tumour
suppressor gene expression, or their downstream pro-apoptotic
actions.

For the first time this study has shown that combination treatments
with the bioactive compound: Falcarinol, isolated from Daucus carota
together with a number of classical inducers of apoptosis and
chemotherapy agents, could act in a synergistic, additive or inhibitory
manner dependent on cell line and combination treatments.
Interestingly the related aliphatic C17Polyactelene Panaxynol [62],
isolated from Panax notoginseng has also been shown to induce
apoptosis in the leukaemia cell line HL-60 via activation of PKCδ,
caspase 3 activation and cleavage of poly(ADP[adenosine
diphosphate]-ribose) polymerase (PARP) [63]. Here we also show
Falcarinol results in activation of caspase 3 and induction of apoptosis.
However to date, the direct actions of polyacetylenes in the induction
of apoptosis have not been elucidated, many studies demonstrate
induction of classical pathways involved in apoptosis, however these
do not indicate whether these are the primary targets for
polyacetylenes or merely products of the apoptotic cascade. The
synergistic responses observed following combination of Falcarinol
with classical apoptosis inducers seen here, highlight differential
mechanism of apoptosis in leuakemia cell lines. CCRF-CEM, the most
sensitive cell line to Falcarinol, failed to demonstrate any synergistic
responses when combined with apoptotic inducers. Jurkat cells treated
with Falcarinol and DR5 agonist showed synergistic induction of
apoptosis suggesting Falcarinol may increase expression of DR5 within
Jurkat cells but not CCRF-CEM and MOLT-3 cells. However as Jurkat
cells are known to undergo type I apoptosis unlike most tumour cells,
Falcarinol may be increasing DR5 activation via the caspase 8
activation of caspase 3 whilst not affecting the intrinsic (mitochondrial
pathways), hence the lack of response seen in CCRF-CEM and MOLT
3 cells [64]. Whilst synergistic induction of apoptosis was observed in
MOLT-3 cells when Falcarinol was combined with proteosome
inhibitors and HDACi, suggesting direct actions on proteins involved
in apoptotic signaling. Thus highlighting the need for further
investigation into the mechanisms of apoptotic induction by
Falcarinol alone and in combination across a spectrum of leukaemia
cell lines and primary leukaemia cells.

The combined effect of Falcarinol on induction of cell death and
inhibition of cellular proliferation indicate that this agent could be

beneficial in improving Leukaemia therapy, however combination
therapies could also prevent the actions of some anti-tumour agents.
Identification of interactions between natural bioactive compounds
with anti-cancer drugs may provide new pathways to target cancerous
cells. Furthermore, since some combinations enhance apoptosis but
some inhibit apoptosis it may be important to consider these
interactions for dietary advice during therapy.
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