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Toxicity of conventional chemotherapeutics highlights the requirement for complementary or alternative medicines
that would reduce side effects and improve their anticancer effectiveness. European mistletoe (Viscum album) has
long been used as a complementary and alternative medicine supporting cancer therapy. The aim of this study was to
investigate synergistic antitumor action of V. album extract and doxorubicin during co-treatment of chemoresistant
chronic myelogenic leukemia K562 cells. Combined treatment of leukemia cells led to inhibitory synergism at sub-
apoptotic doxorubicin concentrations and multifold reduction of cytotoxic effects in healthy control cells. Prolonged
co-treatment was associated with reduced G2/M accumulation and increased expression of early and late apoptotic
markers. Our data indicate that V. album extract increases antileukemic effectiveness of doxorubicin against
resistant K562 cells by preventing G2/M arrest and inducing apoptosis. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: Viscum album; doxorubicin; K562 leukemia cells; complementary medicines; therapy; apoptosis.

Abbreviations: CAMs, complementary or alternative medicines; CML, chronic myeloid leukemia; Dox, doxorubicin; VAE, Viscum album

extract; MDR, multidrug resistant; BSA, bovine serum albumin; Aym, mitochondrial transmembrane potential.

INTRODUCTION

European mistletoe (Viscum album) has been used for
centuries in traditional medicine to treat seizures, head-
aches, and other conditions. Today, mistletoe extract
[V.album extract (VAE)] therapy is among the most
commonly used and thoroughly studied complementary
treatments in Europe (Beuth and Schierholz, 2007,
Fasching et al., 2007; Molassiotis et al., 2005, 2006a,
2006b). Many kinds of metabolites have been isolated
from the European mistletoe, and some are synthesized
by the host and incorporated into V.album (Cordero
et al., 1993; Giudici et al., 2004). Viscotoxins and amphi-
pathic and basic polypeptides (Schaller et al., 1998);
tyramine, phenylethylamine, choline, and acetylcholine
(Hegnauer, 1966); aminoalkaloids (Amer et al., 2012);
phenolic acids and flavonoids (Deliorman et al., 2002;
Fukunaga et al., 1987; Luczkiewicz et al., 2001; Vicas
et al., 2011); phenylpropanoids (Panossian et al., 1998;
Wagner et al., 1986); terpenoids (Fukunaga et al., 1987);
long-chain fatty acids and hydrocarbons as well as
trace amounts of volatile components including trans-a-
bergamotene, trans-b-farnesene, loliolide, and vomifoliol
(Cebovic et al., 2008); and oligosaccharides and polysac-
charides (Arda et al., 2003; Jordan and Wagner, 1986)
belong to active metabolites isolated from the mistletoe.
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The main group of V. album metabolites with described
anticancer activity are lectins. Mistletoe lectins (ML-I,
ML-II, and ML-III) are classified as type II ribosome-
inactivating proteins (Wacker et al., 2004). The European
mistletoe obtained from deciduous trees contains mostly
ML-I and, when grown on some host such as pine and
fir trees, ML-III.

Viscum album extract preparations have been tested
in clinical trials as supporting medicines for cancer sur-
gery, chemotherapy, or radiotherapy providing support
for their therapeutically beneficial effects (Augustin
et al., 2005; Bussing et al., 2005; Kienle et al., 2003; Kienle
and Kiene, 2010; Klopp et al., 2005; Melzer et al., 2009;
Ostermann et al., 2009; Schink et al., 2007; Troger et al.,
2009, 2013, 2014a, 2014b). Functional studies suggest that
VAEs, when administered to tumor-bearing animals,
display growth-inhibiting and tumor-reducing effects
(Biissing, 2000; Duong Van Huyen et al., 2002; Kienle
and Kiene, 2003; Park et al., 2001). Furthermore, total
VAEs have been reported to have additive inhibitory
interactions with anticancer drugs by enhancing their
cytostatic and cytotoxic effects (Bantel et al., 1999;
Siegle et al., 2001). These effects are, at least in part,
attributed to strong cell death-inducing properties of MLs
(Bussing and Schietzel, 1999; Eggenschwiler et al., 2007;
Elsasser-Beile ef al., 1998). This strong proapoptotic
activity of VAEs has been suggested to play a role in
elimination of multidrug-resistant (MDR) colon cancer
cells (e.g., MDR+ colon cancer cells) (Valentiner et al.,
2002). Beside extensive experimental analyses of their
biological properties, many questions related to the pre-
cise mode of action of VAE still remain unanswered.
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Despite great advancements in the area of individual-
ized medicine, chemotherapeutics often remain a therapy
of choice especially for advanced malignancies (Jackson
and Chester, 2015). Because of their unselective mode
of action, numerous side effects arise during therapy,
significantly contributing to cancer patient fatalities
(Dicato, 2012). Therefore, one of the major challenges
in cancer chemotherapy today is the need to reduce
doses of therapeutics while maintaining their optimal
anticancer activity. Effective doses of chemotherapeutics
are defined by relative resistance/sensitivity of cancer
cells often determined by a set of specific mutations
(Marquette and Nabell, 2012; Martin et al., 2014).
Chronic myeloid leukemia (CML) is characterized
by a reciprocal chromosomal translocation between
chromosomes 9 and 22 (t(9; 22) (q34; q11)), giving rise
to Ber-Abl oncogene (Johansson et al., 2002). Constitu-
tively activated Bcr-Abl tyrosine kinase plays a critical
role in the pathogenesis of CML and therapeutic resis-
tance (Daley and Baltimore, 1988; Lugo et al., 1990;
Sattler and Salgia, 1997). In order to reduce side effects
and improve effectiveness of standard therapeutics,
many complementary or alternative medicines (CAMs)
have been tested so far with differing effectiveness
(Beuth and Schierholz, 2007; Marvibaigi et al., 2014;
Son et al., 2010).

The aim of this study was to investigate possible addi-
tive antitumor activity of VAE with doxorubicin (Dox)
and gain insight into molecular processes underlining
these effects.

MATERIALS AND METHODS

Drug. Doxorubicin hydrochloride (Sigma-Aldrich, St.
Louis, MO, USA) was diluted in sterile water.

Preparation of mistletoe extract. Leaves of European
mistletoe (V.album L.) were harvested from plants
growing on apple trees (Malus domestica B.) in the
western regions of Serbia. Voucher specimen no. 3655
HFF is housed in herbarium collection of the University
of Belgrade, Faculty of Pharmacy, Department for
Botany, Serbia.

Water extracts were obtained from milled fresh
leaves with a solvent:solid phase ratio of 20:1 (v/w), by
ultrasound-assisted extraction (UAE; 20 min; 360 W).
Obtained mixture was centrifuged (2000 rpm/10min)
and subsequently filtered through 0.45-um pore-sized
membrane (Whatman, UK). Obtained extracts were
analyzed for total protein and total phenolic content, in
triplicates. Total protein content of the extract, deter-
mined by the Bradford method (Kruger, 1994), was
404 +12 pg/mL with bovine serum albumin (BSA) used
for standard curve calibration (100-1000 pg/mL). Total
phenolic content was 313 +9 ug gallic acid equivalents
per milliliter determined by the Folin-Ciocalteu method
(Dewanto et al., 2002; Wolfe et al., 2003) with gallic acid
used for standard curve calibration (100-1000 ug/mL).

Cell line. The culture conditions for human chronic
myelogenic leukemia cell line, K562 (American Type
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Culture Collection, Rockville, MD, USA), were as
described earlier (Eshkourfu et al., 2011).

Cytotoxicity assay. The cytotoxic activity of VAE
and Dox on K562 cells was assessed using the 3-(4, 5-
dimethylthiazol-2-yl)-2,5-dyphenyl tetrazolium bromide
(MTT) assay (Mosmann, 1983; Ohno and Abe, 1991).
After treatment in 96-well plates, the MTT solution
(Sigma-Aldrich, St. Louis, MO, USA) (20 uL/well) was
added to each well. Samples were incubated for a further
4 h, followed by the addition of 100 uLL of 10% SDS.
Absorbance at 570 nm was measured the next day.

Cell survival (S %) was calculated as an absorbance
(A570nm) ratio between treated and control cells
multiplied by 100. Half-maximal inhibitory concentra-
tion (ICsy) was defined as the concentration of the
agent that inhibited cell survival by 50% compared with
the vehicle control.

Flow cytometric analysis of cell cycle phase distri-
bution. Briefly, 2x10° cells/Petri dish (dimensions
60x15mm, NUNC) were treated with investigated
compounds as indicated. After collection, cells were
fixed with ethanol and stained with propidium iodide
(PT) (Sigma-Aldrich, St. Louis, MO, USA). Cell cycle
phase distribution was analyzed by FACSCalibur
Becton Dickinson flow cytometer using the CELL QUEST
computer software (Becton Dickinson, Heidelberg,
Germany).

Apoptotic assay. Apoptotic rates were assessed with
flow cytometry using the Annexin V-fluorescein
isothiocyanate/PI kit (BD Pharmingen, San Diego,
CA, USA). Samples were prepared according to manu-
facturer’s instructions. Flow cytometry analysis was
performed using a FACSCalibur cytometer using the
CELL QUEST computer software (Becton Dickinson,
Heidelberg, Germany).

Quantification of mitochondrial transmembrane potential.
Mitochondrial transmembrane potential (Aym) was
measured using a cationic fluorochrome rhodamine
123 (Rh123) (Sigma-Aldrich, St. Louis, MO, USA) as
described by Yan et al. (2007). Briefly, 1x10° cells
resuspended in 200 L. of phosphate-buffered saline
(PBS) were stained with Rh123 (2.5 pg/mL) for 30 min
at 37°C. After washing, samples were analyzed by flow
cytometry using CELL QUEST software (Becton Dickinson,
Heidelberg, Germany).

Flow cytometric analysis of cyclins B1 and D1 expression.
Cells stained for fluorescence-activated cell sorting
(FACS) analysis were treated as described earlier. For
intracellular cyclin staining, the following antibodies
were used: fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human cyclin B1(BD Pharmingen, San
Diego, CA, USA), FITC-conjugated mouse anti-human
cyclin D1 antibodies (BD Pharmingen, San Diego, CA,
USA), and IgG2a isotype controls (BD Pharmingen,
San Diego, CA, USA). Briefly, cells were incubated with
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antibodies overnight at 4 °C and washed twice with PBS
containing 1% BSA. Cell pellets were resuspended in
PBS/PI/DNase-free RNase A and incubated in the dark
at room temperature for 30min before acquisition.
Samples were analyzed on a FACSCalibur cytometer
using the CELL QUEST software (Becton Dickinson,
Heidelberg, Germany).

Flow cytometric analysis of apoptotic markers. Cells
stained for FACS analysis were treated as described
earlier. For detection of apoptotic cells, the following
antibodies was used: mouse anti-Bax (BD Pharmingen,
San Diego, CA, USA, 1:1000), FITC-conjugated mono-
clonal active caspase-3 antibody (BD Pharmingen, San
Diego, CA, USA, 1:1000). Briefly, cells were incubated
with antibodies for 30 min at RT and washed twice with
PBS containing 1% BSA. Cell pellets were resuspended
in PBS and analyzed on a FACSCalibur cytometer
using the CELL QUEST software (Becton Dickinson,
Heidelberg, Germany).

Analysis of gene expression by real-time polymerase
chain reaction. Total RN A was isolated using a TRI RE-
AGENT® BD kit (Sigma-Aldrich, St. Louis, MO,
USA). cDNA synthesis from total RNA using random
primers and MultiScribe” Reverse Transcriptase from
a High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Carlsbad, CA, USA). All target
transcripts (Bax and Casp3) were detected using
TagMan® Gene Expression Assays (Applied Biosystems,
Carlsbad, CA, USA). All reactions were performed in
duplicate, and the data represent mean + SEM of three
independent experiments. Results were analyzed using
the classical delta-delta-Ct method. GraphPad Prism
5.04 (GraphPad Software, San Diego, CA, USA) was
used to compare means by two-way analysis of variance
and Bonferroni method to adjust the p-value for multiple
comparisons. Differences were considered significant
if p<0.05. p-Values for each analysis are indicated in
figure legends.

Clonogenic assay for proliferation ability. Briefly,
0.5x10* treated K562 cells per milliliter were mixed
with 1 mL of Human methylcellulose complete medium
(R&D Systems Minneapolis, MN, USA). Cells were
then plated in a 35-mm plastic dish (Falcon). Blast-
derived colonies (>50 cells) were counted on day 7.
All assays were performed in duplicate.

Data analysis. Cytotoxicity of investigated substances was
evaluated using Student’s t-test, with p < 0.05 considered
as statistically significant. Data obtained from the
mistletoe—drug interaction were analyzed by CALCUSYN,
a statistical program used for the assessment of drug
interaction based on the method of Chou and Talalay
(1984). The type of interaction, synergism, antagonism,
or additive effect, was assessed based on the obtained
combination index (CI).

Copyright © 2015 John Wiley & Sons, Ltd.

RESULTS

Viscum album extract treatment affects chronic myeloid
leukemia cell viability

For many CML patients, first-line therapy failure leads
to the blast phase of the disease where employment of
chemotherapeutics such as Dox is indicated. As Bcr-
Abl-positive K562 leukemia cells are relatively resistant
to Dox (Blagosklonny et al., 2001; Fang et al., 2000), we
have investigated the potential benefit of using VAE as a
supporting drug during Dox treatment. A series of treat-
ment and co-treatment experiments were performed on
K562 cells using a defined range of concentrations for
both Dox and VAE. First, we tested the toxicity of five
different VAE concentrations (16.0, 8.0, 4.0, 2.0, and
1.0 pg/mL of total proteins) on healthy peripheral blood
mononuclear cells (PBMCs) using the MTT assay
(Mosmann, 1983; Ohno and Abe, 1991). Approximately
80% of cells survived the 72-h treatment with VAE
concentrations of 4, 2, and 1 pg/mL and ICsy value of
13.36 + 1.6 ug/mL (data not shown). In addition, VAE
ICsp value for K562 cells amounted to 0.5 +0.08 png/mL,
revealing approximately 30 times lower VAE toxicity
on healthy PBMCs compared with K562 leukemia cells.

Half-maximal inhibitory concentration value for Dox
treatment of K562 cells amounted to 0.7 pg/mL. Based
on this result, we have selected three more Dox
concentrations falling within a therapeutically relevant
range (2 and 1uM) or significantly below it (0.5 and
0.25uM). Next we have determined K562 cell viability
after 72-h treatment with VAE, Dox, or a combination
of both using selected concentrations of both agents.
We have observed that VAE treatment of K562 cells at
all chosen concentrations exhibits antitumor activity in
a dose-dependent manner (Table 1). Moreover, VAE
treatment-mediated toxicity of K562 cells was compara-
ble with those induced by Dox alone (Table 1). Consis-
tent with previous observations, K562 leukemia cells
exhibited pronounced resistance to Dox treatment
(Blagosklonny et al., 2001; Fang et al., 2000) reflected by
only a marginal increase in cell death at high/therapeutic
Dox concentrations (Table 1). Surprisingly, despite dose-
dependent toxicity observed during single treatments
with VAE or Dox, co-treatment of K562 cells with a high
concentration of VAE and Dox did not reveal syner-
gistic, but rather mild antagonistic, action (Table 1,
columns I and II; Fig. 1A and B). Much to our surprise,
co-treatment within low/sub-therapeutic concentrations
of both Dox and VAE significantly affected K562
cell survival, revealing a strong synergistic action:
CI=0.488, synergism; CI=0.574, synergism (Table 1,
columns IIT and IV; Fig. 1A and B). This synergistic
antitumor activity at non-toxic concentrations of Dox
and VAE was comparable with that induced by high
Dox concentrations (Table 1, columns I and II). The
same results were obtained by in vitro cell survival assay,
or clonogenic assay. The growth inhibitory effect of
VAE was already detected at 0.8 ng/mL (Fig. 1C), while
VAE at 1.6 pg/mL was as potent as 0.5 uM Dox to reduce
the number of colonies capable of growing in methylcel-
lulose (Fig. 1C). Moreover, colony formation of K562
cells was more effectively inhibited by the combination
of VAE and Dox (Fig. 1C). Together, our results reveal
that co-treatment of K562 leukemia cells with VAE and
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Table 1. Dose-dependent cytotoxicity of doxorubicin (Dox), mistletoe extract (VAE), and VAE/Dox combined treatment of K562 leukemia
cells (expressed as percentage of killed cells)

Drug concentration

Substance | I 1] \%
VAE 71.52+£3.5 69.05+2.45 57.27+2.3 49.34+2.6
Dox 63.60+2.5 53.62+3.7 42.55+2.6 31.50+2.9
VAE + Dox 74.31+2.3 72.04+2.8 69.78+1.1 64.33+1.2
Cl 1.347 0.838 0.517 0.414
Interaction - - + + + + + + +
VAE (pg/mL): | = 4.0; Il = 2.0; lll = 1.0; IV = 0.5. Dox (uM): | = 2.0; Il = 1.0; lll = 0.5; IV = 0.25. The results are presented as mean (from
three independent experiments) * standard error of the mean. Interaction: + + +, synergism; +, slight synergism; — —, moderate antagonism.
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Figure 1. Interaction between mistletoe extract (Viscum album (VA) extract) and doxorubicin (Dox). Seventy-two-hour treatment of K562 cells
with different concentrations of agents tested: VA extract alone (x); Dox alone (+), or a constant ratio of VA extract and Dox mixture (). (A) Me-
dian effect plot curve and (B) dose—effect curve represent the data from Table 1. (C) Clonogenicity of K562 cells using sub-therapeutic concen-
tration of Dox (0.5 uM) alone or in combination with two VA extract concentrations: VA 1 = 0.8 ug/mL and VA 2 = 1.6 pg/mL. Figure displays
untreated cells (control) and cells incubated for 24 h with investigated compounds. Colonies were scored after 7 days. Experiment was repeated
twice using independently derived cell populations and yielded comparable results. A representative experiment is shown.
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Dox has a synergistic inhibitory action in sub-therapeutic
Dox concentrations.

Co-treatment of K562 cells with Viscum album extract
recovers doxorubicin-induced G2/M arrest and reduces
expression of cyclins B1 and D1

To address the basis of VAE and Dox co-treatment syner-
gistic action, we have decided to investigate potential
changes in K562 cell cycle progression during various treat-
ment conditions. Our dose—effect curve indicates that VAE
treatment-induced toxicity above 2.0pug/mL does not
show linear relationship to concentration (Fig. 1B). To ac-
count for possible saturation and/or mechanistic crosstalk

A)

Untreated cells

Cells treated with Dox (2. 0uM)

Celis treated with VAE

_ Cells treated with VAE + Dox (0.54M

between high concentration treatments with VAE and
Dox that may result in antagonism observed, we have se-
lected 2.0 ug/mL VAE along with 0.5 uM (low) and 2.0 uM
(high) Dox concentrations for cell cycle distribution
analysis.

Viscum album extract and Dox mono-treatment and
co-treatment exhibited time-dependent effects on K562
cell cycle progression and toxicity. Twenty-four-hour and
48-h co-treatment of K562 cells with VAE and Dox com-
pared with Dox alone resulted in a gradual increase of
dying cell population residing in the sub-G1 phase and a
reduction of cells in both S and G2/M phases of the cell
cycle (Figure S1).

Extending K562 cell line treatment to 72 h with VAE in
combination with both concentrations of Dox (0.5 and

Cells treated with Dox {0.5uM)
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Figure 2. Fluorescence-activated cell sorting analysis of cell cycle distribution and markers of cell cycle arrest in K562-treated leukemia cells.
(A) Graphic representation of K562 cell cycle phase distribution upon 72-h treatment with Viscum album extract (VAE; 2 pg/mL) and Dox
(0.5 and 2 uM) alone or in combination. Cultures were stained with propidium iodide and analyzed for alternations in cell cycle phase distribution
by flow cytometry. (B) Expression of cyclin B1 and (C) cyclin D1 upon treatment with indicated concentrations of Dox and VAE for 24 and 48 h.
Results are presented as the mean * standard error of the mean of three independent experiments. Asterisks denote statistical significance
compared with control cells (*p < 0.05; **p <0.01; ***p <0.001). M2—Cells with DNA content corresponding to GO/G1 phases. M3—Cells
with DNA content corresponding to S phase. M4—Cells with DNA content corresponding to G2/M phases.

Copyright © 2015 John Wiley & Sons, Ltd.
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2.0uM) resulted in further cell death increase (sub-Gl
phase cells 20.8% and 65.7%, respectively) and dramatic
reduction of G2/M cell population (Fig. 2A).

Next, we performed FACS analysis of time-dependent
cell death induction in K562 cells using different treat-
ment combinations (Fig. 3A). Cells were incubated with
investigated compounds for 24, 48, and 72h and stained
for expression of early apoptotic marker annexin V and
PI permeability (Fig. 3A).

In line with cell cycle phase distribution results, short-
term treatment (24 and 48h) with investigated agents
alone did not induce significant increase in programmed
cell death (Fig. 3A).

Importantly, extending treatment with VAE and Dox
to 72h resulted in the onset of massive cell death at
sub-apoptotic Dox concentrations (0.5 uM), sharply con-
trasting the effects of VAE and Dox single-treatment
effects under the same conditions (Fig. 3A). Early
apoptosis-inducing effects were dose and time depen-
dent with the highest number of early apoptotic K562
cells (65%, p<0.001) detected 72h after co-treatment
with 2.0 ug/mL VAE and 2.0 uM Dox (Fig. 3A). Interest-
ingly, while percentage of early apoptotic cell population
increases after VAE/Dox co-treatment, late apoptotic
and necrotic cell populations are almost lost (annexin
V-positive/PI-positive and annexin V-negative/PI-positive
cells, respectively) (Fig. 3A), probably suggesting a delay
in the activation of apoptotic execution machinery.

The G2/M block induced by treatment of K562
cells with Dox alone was completely recovered after
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co-treatment with VAE. Moreover, 72h after co-
treatment with VAE and Dox, most cells have accumu-
lated in a sub-G1 phase indicating cell death (Fig. 2A).
Previous work shows that p53-deficient cancer cells are
resistant to chemotherapeutics (Lowe et al., 1994) and
as response to treatment induce G2/M arrest (Meng
et al., 2013; Wang et al., 2009). However, sensitivity of
cancer cells to Dox depends on their ability to activate
S-phase checkpoint controlled by p53 (Siu et al., 1999).
To gain insight into events preceding sub-G1 accumula-
tion of p53 null K562 cells, we measured expression of
two major S and M phase checkpoint cyclins, cyclin B1
and cyclin D1 during shorter treatments (24 and 48h)
(Figs. 2B and C). Flow cytometric analysis revealed
that sub-therapeutic concentrations of Dox (0.5uM)
induce cyclin B1 expression in a time-dependent manner
(Fig. 2B). Increased expression of cyclin B1 observed
during extended sub-therapeutic Dox treatment was
associated with an accumulation of K562 Dox-treated
cells in the G2/M phase and was recovered during VAE
and Dox treatment reflected by a size reduction of cyclin
Bl-positive cell population (Fig. 2B). Twenty-four-hour
and 48-h treatment of K562 cells with Dox alone
revealed no significant differences in the percentage of
cyclin D1-positive cells compared with controls (Fig. 2C).
Interestingly, incubation of cells with VAE alone or in
combination with Dox significantly reduced the percent-
age of cyclin D1-positive cells at both time points and at
both concentrations (Fig. 2C). These results suggest that
VAE/Dox co-treatment of K562 leukemia cells bypasses
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Figure 3. Apoptotic response of K562 doxorubicin (Dox)-resistant cells upon co-treatment with Viscum album extract (VAE). Cell
were treated with VAE (2.0 pg/mL) and Dox (0.5 and 2 uM) alone or in combination for indicated times. (A) Cell death was measured
by the bivariate Annexin V/propidium iodide flow cytometry. (B) Dissipation of mitochondrial membrane potential was assessed by
flow cytometry using rhodamine 123 staining. Seventy-two-hour treatment of K562 with VAE (2.0 ng/mL) and sub-apoptotic concen-
tration of Dox (0.5 pM) alone, or in combination, increases caspase 3 and Bax mRNA expression. (C) Resulting and corresponding in-
crease in protein levels. (D) mRNA levels were normalized to GAPDH. All results are presented as a mean + standard error of the mean
of three independent experiments. Asterisks denote statistical significance compared with control cells (*p <0.05; **p <0.01;

*¥%p <0.001).
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Dox-mediated G2/M arrest by modulating expression of
cyclins B1 and D1.

Viscum album extract/doxorubicin co-treatment increases
apoptotic response in K562 leukemia cells

Our annexin V/PI FACS analysis data revealed increased
population of early apoptotic K562 cells upon co-
treatment with Dox and VAE (Fig. 3A). Therefore, we
sought to assess whether synergistic action of VAE and
Dox on K562 leukemia cells results in increased mito-
chondrial apoptotic pathway activation and intrinsic
apoptotic pathway execution. It has been described that
cytotoxic drugs activate intrinsic/mitochondrial apoptotic
pathway (Fulda and Debatin, 2004) reflected by mea-
surable changes in mitochondrial membrane potential
(Aym) (Decaudin et al., 1998; Green and Kroemer,
2004), release of cytochrome C, proapoptotic factor Bax,
and effector caspase 3 activation (Marzo et al., 1998; Petit
et al., 1997; Saleh et al., 1999; Shimizu et al., 1999).

We performed FACS Rh123 fluorochrome incorpora-
tion assay (Yan et al., 2007). K562 cells were incubated
with 2.0 pg/mL of VAE and 0.5 and 2.0 uM Dox for 24,
48, and 72 h. The Aym did not change significantly after
24 and 48h of K562 cell treatment with either VAE or
Dox treatment, single or in combination (Figure S2).
In contrast, a dramatic loss of mitochondrial membrane
potential (Aym) in K562 cells was observed upon 72-h
co-treatment with VAE, Dox, and a combination of
both (Fig. 3B). Induced expression and translocation
of proapoptotic Bax protein to mitochondria results
in membrane pore assembly and dissipation of the
membrane potential (Marzo et al., 1998). If followed
by cytochrome C release to cytosol, it initiates a cascade
of events resulting in caspase 9-mediated cleavage and
activation of caspase 3, one of the key executioner
caspases of the intrinsic apoptotic program. Therefore,
we decided to evaluate Bax and caspase 3 expression
and activation during VAE and Dox co-treatment at
single lower concentrations where the strongest syner-
gistic action was observed (2.0 pg/mL VAE and 0.5 uM
Dox, Table 1). As in our previous experiments, cells
were treated with VAE (2.0 pg/mL) and Dox (0.5 uM)
for the period of 72h. Quantitative polymerase chain
reaction analysis of caspase-3 and Bax gene expression
after 72-h co-treatment with VAE and Dox revealed
increased expression of both genes compared with
mono-treated or untreated controls (Fig. 3C). In line
with the mRNA expression data, FACS staining for
Bax protein and cleaved caspase-3 showed increased
protein expression, confirming activation of the
intrinsic apoptotic pathway signaling (Fig. 3D). Data
presented here indicate that synergistic antileukemic
activity of VAE and Dox co-treatment at sub-therapeutic
and sub-apoptotic concentrations is achieved by higher
activation and execution of the intrinsic apoptotic
program.

DISCUSSION

The goal of cancer therapy is to cure the disease, prevent
its recurrence, and decrease mortality. Despite great
advancements in the area of individualized medicine,

Copyright © 2015 John Wiley & Sons, Ltd.

chemotherapeutics often remain a therapy of choice
especially for advanced malignancies (Jackson and
Chester, 2015). Because of their non-selective mode of
action, severe side effects and toxicity still represent a
great challenge in oncotherapy (Dicato, 2012). There-
fore, identification of medicines that would allow for
chemotherapeutic dose reduction, without altering
their overall efficacy, remains an important task for
cancer researchers today. CML represents 14% of all
leukemias diagnosed with median age of patients
affected being 60-65 years. Majority of CML patients
are successfully treated with Bcr-Abl kinase inhibitor
imatinib (Valent, 2007). However, patients with blast-
phase CML presenting as acute lymphoblastic leukemia
will eventually undergo treatment with chemothera-
peutics including Dox.

Chronic myelogenous leukemia cells expressing
oncogenic tyrosine kinase such as Bcr-Abl reveal
significant resistance to Dox, warranting use of higher
drug concentrations in therapy (Blagosklonny et al.,
2001; Fang et al., 2000). In order to reduce the side
effects and improve effectiveness of standard chemo-
therapy, many CAMs have been tested so far. Mistletoe
extracts are among the commonly prescribed CAMs for
cancer patients.

Previous work has described synergistic interactions
between V.album extract and chemotherapeutics only
at high concentrations of chemotherapeutics (Hong
et al., 2014; Siegle et al., 2001; Weissenstein et al., 2014).
Furthermore, most studies report synergistic antiprolif-
erative but not apoptotic effects of VAE with low con-
centrations of chemotherapeutics (Weissenstein et al.,
2014).We report that optimal synergistic antitumor activ-
ity of Dox and V.album aqueous extract obtained by
UAE is achieved at sub-apoptotic Dox concentrations
accompanied by dissipation of mitochondrial membrane
potential I (Aym) and upregulation of Bax and caspase-3
(Fig. 3), confirming the completion of the apoptotic pro-
gram. Direct antiproliferative and cytotoxic activity of
mistletoe is based mainly on a dose-dependent apoptotic
effect of MLs (Janssen et al., 1993). Similar to our results,
ML-I antitumor activity was shown to be mediated via
28S ribosomal subunit inactivation, subsequent inhi-
bition of protein synthesis, and induction of intrinsic
apoptotic pathway (Bantel et al., 1999; Endo et al., 1988).
These paralleling findings may reflect activity of ML-I
in our VAE. Treatment of human peripheral blood
lymphocytes, human peripheral blood monocytes,
murine thymocytes, and human monocytic THP-1 cells
with ML-1/VA A-I exerts cytotoxicity in a dose-dependent
and time-dependent manner at concentrations above
10ng/mL with the onset at 24h (Hostanska et al.,
1996-1997). Our results show that 72-h treatment of
PBMCs with 2ug/mL of aqueous VAE obtained by
UAE does not exert toxic effects with ICsy being
13.6 pg/mL, providing support for testing of this VAE
formulation in vivo and raising the question of other
metabolites that may confer high antitumor action. It
has been shown that ML addition to cancer therapy
using DNA-damaging agents improves efficacy of
DNA repair in PBMCs and overall better therapy toler-
ance (Burkhart ez al., 2010). However, clinical trials have
not conclusively demonstrated survival advantage or
reduced disease progression upon VAE addition to che-
motherapy regimen. These results could be reconciled
by the assumption that VAE addition to chemotherapy
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regimen may improve both DNA repair systems in
healthy and tumor cells especially at sub-apoptotic doses
of chemotherapeutics. Thus, we have employed a UAE
protocol and obtained high anticancer activity mistletoe
water extract under the predicament that content of
active polypeptides such as MLs responsible for putative
tumor DNA repair activity and overt PBMC toxicity will
be reduced (Jiménez et al., 2008; Stathopulos et al., 2004).
Also, it has been previously reported that cancer
toxicity of aqueous extracts is more potent than single
components such as MLs (Eggenschwiler et al., 2007).
Polyphenols are present in rather high concentrations
and exhibit specific content profile in different mistletoe
preparations (Schramm, 2015). Polyphenols of mistletoe
extracts are attractive targets for oncological research as
they exert cytotoxic, antiinflammatory, and antihormonal
activity and interfere with tumor metabolism (Schramm,
2015; Urech, 2015) but only in concert with other active
metabolites (Sak, 2014). Although flavonoids with
described synergistic antitumor activity with Dox such as
quercetin (Wang et al., 2012) are unlikely to be signifi-
cantly represented in our preparation, other very polar
flavonoids and polyphenolics with as yet uncharacterized
anticancer activity are likely represented. It is necessary
to determine precise identification and quantification of
ML fractions that still retain activity in the extract ob-
tained with this method, as well as activity of flavonoids
and other polyphenols that may be responsible for the
additive cancer toxicity with low-dose Dox observed.
Prolonged G2/M arrest of chemotherapy-resistant
cancer cells is transient and serves to repair DNA damage
(Hirose et al., 2001a, 2001b; Shah and Schwartz, 2001).
Cancer cell ability to activate checkpoint signaling in
response to DNA damage induced by Dox prevents
progression of the cell cycle leading to chemoresistance
(Meng et al., 2013). Conversely, previous reports suggest
that abrogation of the G2 checkpoint of p53-deficient
cancers results in sensitization to chemotherapy (Hirose
et al., 2001a, 2001b; Luo et al., 2001; Meng et al., 2013).
Our data reveal that VAE sensitizes K562 cells to low-
dose Dox treatment by inhibiting Dox-induced G2/M
arrest. While VAE alone exhibits only neglectable toxic-
ity on healthy PBMCs (ICsy value at 13.36 ug/mL),
co-treatment with low-dose Dox (0.5uM) enhances
K562 apoptosis providing effectiveness comparable with
higher Dox concentrations (2uM) (Table 1, Figs. 2A
and 3A, B). Furthermore, our results suggest that the
synergistic toxicity of VAE with Dox relies upon
abrogation of Dox-induced G2/M arrest (Fig. 2A). G2
checkpoint is maintained by Chkl, Chk2, p53, and
MK2-mediated inhibition of CDC25 phosphatases that
act as activators of cyclin B/Cdc2 promoting mitosis
(Boutros et al., 2007; Donzelli and Draetta, 2003).
During Gl-phase progression, cyclin D-Cdk4, cyclin
D-Cdk6, and cyclin E-Cdk2 complexes are activated,
controlling G1/S transition (Quelle et al., 1993). Recent
findings suggest that Dox-induced cyclin D1 expression
in p53-deficient HC-60 cells may be responsible for
treatment survival and perturbations of G1 and G2
checkpoints observed (Zuryn et al., 2012, 2014). On
the other hand, cyclin B1 and cdc2 (Cdk1) form a com-
plex named ‘mitotic promoting factor’ (MPF) crucial for
G2/M transition (Pines and Hunter, 1990). In this paper,
we show that VAE treatment effectively inhibits expres-
sion of cyclin D1 in K562 cells alone or in combination
with Dox (Fig. 2C). However, treatment of K562 cells

Copyright © 2015 John Wiley & Sons, Ltd.

with Dox alone did not reveal statistically significant
difference in percentage of cyclin DI1-positive cells
compared with controls (Fig. 2C). Absence of Dox
treatment effect on cyclin D1 expression may be attrib-
uted to relatively high resistance of K562 cells to Dox
but also cell type-specific mechanisms being active in
different p53 null cancers. Dan and Yamori (2001) sug-
gested that changes in the level of cyclin B1 and G2/M
arrest in A549 cells exposed to Dox are regulated in
the manner independent of pS3 because similar changes
were not induced by cisplatin, a well-known p53 activa-
tor. In agreement with these results, it was shown that an
increased level of cyclin B1 may appear in some G2/M-
arrested cancer cells with p53 deficiency such as K562
cells (Cerquetti er al., 2008). Moreover, activation of
antiapoptotic proteins such as Bcl-xL. and G2/M arrest
have been proposed to represent a crucial event confer-
ring drug resistance in p53-deficient Bcer-abl-expressing
cancer cells (Amarante-Mendes et al., 1998a; Bedi et al.,
1995). Interestingly, expression levels of cyclin B1 seem
to be increased only during low-dose Dox treatment
(Fig. 2B) and are markedly reduced by addition of
VAE (Fig. 2B). Such parallelism of endogenous expres-
sion changes observed for cyclins B1 and D1 during
co-treatment with low-dose Dox (0.5uM) and VAE
may indeed reflect their requirement for G2/M arrest
observed in our experiments.

In summary, our results indicate that VAE sensitizes
Ber-Abl-positive K562 cells to low-dose Dox treatment
(0.5uM) by abrogating G2/M accumulation and inducing
apoptosis comparable with highly toxic Dox concentra-
tions (2 uM). These effects may be essential for damaged
Bcer-Abl-positive cell recovery upon treatment with sub-
apoptotic concentrations of Dox and selection of clones
resistant to genotoxic treatment. Further research focus-
ing on identification of VAE anticancer compounds that
would allow for standardized treatment with chemothera-
peutics in cancer therapy is warranted.
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