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Abstract: Breast cancer is the most common cancer type and a primary cause of cancer mortality
among females worldwide. Here, we analyzed the anticancer efficacy of a novel bromochlorinated
monoterpene, PPM1, a synthetic analogue of polyhalogenated monoterpenes from Plocamium red
algae and structurally similar non-brominated monoterpenes. PPM1, but not the non-brominated
monoterpenes, decreased selectively the viability of several triple-negative as well as triple-positive
breast cancer cells with different p53 status without significantly affecting normal breast epithelial
cells. PPM1 induced accumulation of triple-negative MDA-MB-231 cells with 4N DNA content
characterized by decreased histone H3-S10/T3 phosphorylation indicating cell cycle arrest in the G2
phase. Western immunoblot analysis revealed that PPM1 treatment triggered an initial rapid activation
of Aurora kinases A/B/C and p21Waf1/Cip1 accumulation, which was followed by accumulation of
polyploid >4N cells. Flow cytometric analysis showed mitochondrial potential disruption, caspase
3/7 activation, phosphatidylserine externalization, reduction of the amount polyploid cells, and DNA
fragmentation consistent with induction of apoptosis. Cell viability was partially restored by the
pan-caspase inhibitor Z-VAD-FMK indicating caspase contribution. In vivo, PPM1 inhibited growth,
proliferation, and induced apoptosis in MDA-MB-231 xenografted onto the chick chorioallantoic
membrane. Hence, Plocamium polyhalogenated monoterpenes and synthetic analogues deserve
further exploration as promising anticancer lead compounds.
Keywords: red algae; Plocamium; polyhalogenated monoterpenes; cell cycle; apoptosis; chick
chorioallantoic membrane assay

1. Introduction
Breast cancer is the most common cancer and the leading cause of cancer-related mortality among
females world-wide accounting for 25% of all cancer cases and 15% of all cancer deaths in 2012 [1].
In the United States, breast cancer is considered to be the most frequently diagnosed cancer type and
the second main cause of cancer death in women. By 2018, it is expected to account for 30% of all new
cancer diagnoses and 14% of all estimated cancer deaths. Based on current incidence rates, 12.4% of
US women will develop breast cancer during their lifetime [2].
Triple-negative breast cancer (TNBC) is characterized by the lack of expression of estrogen and
progesterone receptors as well as the absence of overexpression of human EGF receptor 2 [3,4]. TNBC
more frequently affects younger premenopausal women, follows an aggressive clinical course, and
metastasizes to critical visceral organs, such as lung, liver, and brain. TNBC is associated with a higher
Mar. Drugs 2019, 17, 437; doi:10.3390/md17080437

www.mdpi.com/journal/marinedrugs

Mar. Drugs 2019, 17, 437

2 of 16

risk of recurrence in the first years after completion of the therapy and shorter median survival time of
patients [3–5]. In recent years, the development of highly selective, molecularly tailored agents has
shown considerable success in the treatment of endocrine or HER2-driven breast cancer. Unfortunately,
such advancements have proven elusive for TNBC due to the lack of an established receptor target.
Many species of red algae (Rodophyta) synthesize a wealth of halogenated natural products,
many of them have been reported to possess promising biological activity, including unique cytotoxic
profiles [6,7]. These halogenated monoterpenes bear mostly chiral vicinal dihalide motifs, with the
majority being bromochlorinated terpenes [8,9]. They could be either cyclic or acyclic and have been
confined to the red algae genera Plocamium and Chondrococcus [6,7,10].
The class of polyhalogenated monoterpenes has sparked great interest due to the promising
profile of selective cytotoxic activity of halomon against cell lines derived from highly chemoresistant
solid human tumors and to the unique yet-unknown mechanism of its cytotoxic action [7,11,12].
The pharmacokinetics of halomon in mice revealed its marked and persistent accumulation in fat
tissues as a result of its lipophilic nature and multiple halogens in its structure [11]. For that reasons,
such molecules might hold promise for the treatment of malignancies that grow in adipocyte-rich
environment, such as breast cancer. However, the clinical application for this category of compounds
as anticancer agents is hampered due to paucity of mechanistic information [13,14] and a complex
purification procedure from reliable natural source or selective stereo-controlled synthesis [8,9,12,14].
Total synthesis of marine-derived analogues may ensure a sustainable and reliable supply of the
active polyhalogenated monoterpenes, and might also establish the basis for generating a wide range of
analogues to expedite the appraisal of structure activity relationship of this novel class of cytotoxic agents
for their further development as oncological drugs. Over the past 25 years, many attempts were made to
synthesize halomon and its analogues [8,15–17] with the recent work by Burns and co-workers standing
out for its high efficiency and stereoselectivity [8]. However, despite the reported cytotoxic and antimalarial
activities of the acyclic Plocamium polyhalogenated monoterpenes [18–23], there were no reports of their
synthesis until we disclosed a short and scalable strategy for the enantioselective and divergent synthesis
of many of these highly inter-halogenated monoterpenes [9]. In our previous study [9], four different
naturally occurring Plocamium polyhalogenated monoterpenes (PPM), one geometrical isomer of one of
these natural products (called PPM1 in this study), and two enantiomeric analogues (PPM2 and PPM3)
were synthesized. PPM1 is the E-isomer (at the chlorinated alkene) of a known natural product, and, many
closely related compounds with the same alkene configuration have been isolated from natural sources.
Therefore, it is highly likely that PPM1 is also synthesized in nature. So far, the cytotoxic potential of only 3
natural compounds were analyzed using different solid cancer cell lines, and PPM1-3 were not among
them. All the compounds analyzed showed selectivity for solid cancer cell lines with some difference in
the selectivity profile. Among the tested natural polyhalogenated monoterpenes, the one with the highest
potency against the HCT-116 colon carcinoma cell line had an IC50 value of 4.2 µM [9]. The cytotoxic
potential of PPM1—a compound presumed to be naturally occurring, but not reported—or the synthetic
marine-derived analogues PPM2 and PPM3 have not been investigated yet. These latter compounds have
the syn-dichloride arrangement and are thus diastereomeric with respect to PPM1 (anti-dichloride).
Considering the urgent need for effective and safe chemotherapeutic strategies for aggressive
triple-negative breast cancer, we focused on polyhalogenated monoterpenes as potential oncological
lead compounds. A preliminary screen was performed to evaluate the cytotoxic potential of the
unanalyzed monoterpenes and the underlying cytotoxic mechanism by using the highly aggressive
triple-negative MDA-MB-231 breast cancer cell line.
2. Results
2.1. PPM1 Is Cytotoxic for Human Breast Cancer Cells with Little Effect on Normal Human Mammary
Epithelial Cells
Among three compounds investigated, only the brominated monoterpene PPM1, but not PPM2
or PPM3 (Figure 1a,b) decreased the viability of MDA-MB-231 TNBC cells in a concentration- and
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time-dependent manner with IC50 values of 16 ± 2.2 µM, 7.3 ± 0.4 µM, and 3.3 ± 0.5 µM after 24 h, 48 h,
and 72 h, respectively. MDA-MB-231 are highly aggressive triple-negative breast cancer cells. The first
line treatment for patients with triple-negative breast cancer are the non-halogenated anthracyclines
and taxane-based adjuvant regimens [24]. The anthracycline doxorubicin (AdriamycinTM ) inhibited
the cell viability with an IC50 of 7.8 ± 0.7 µM after 24 h. By contrast, after the same treatment time,
paclitaxel (TaxolTM ) at 100 nM decreased the percentage of viable MDA-MB-231 cells by only 20%,
without any further decline in cell viability by paclitaxel concentrations up to 100 µM (Figure 1c).
Furthermore, PPM1 exerted toxicity on the additional TNBC cell lines CAL-51 and CAL-148, and
the triple-positive breast cancer (TPBC) cell line MCF-7, as well as on non-small cell lung cancer
(NSCLC) and prostate cancer cells (Figure 1d). CAL-51 and MCF-7 express wild type p53, whereas
MDA-MB-231 and CAL-148 are p53 mutants [25] indicating that PPM1 exhibits toxicity to breast cancer
cell lines with different p53 status. Notably, PPM1 appeared to have a small effect (~20% inhibition)
on the viability of normal human mammary epithelial HME-1 cells (Figure 1e). Analysis of PPM1
toxicity by using normalized growth inhibition (GR) values, which consider also the drug impact on
cell proliferation [26], revealed GR50 values of PPM1 for MDA-MB-231 and MCF-7 of 5.0 and 7.1 µM,
respectively. Hence, MDA-MB-231 is slightly more sensitive to PPM1 compared to MCF-7, which
correlates with the respective IC50 values after 24 h (Figure 1d). The PPM1 GR50 for HME-1 cells with
13.1 µM is higher than those for the breast cancer cells pointing to a relative selectivity of the drug
for cancer cells. GRmax for all cells were negative indicating that PPM1 exerts cytotoxic rather than
cytostatic effect.
2.2. PPM1 Induces Cell Cycle Arrest in Triple-Negative MDA-MB-231 Breast Cancer Cells
Based on the differential cytotoxic potential of PPM1 towards the malignant MDA-MB-231
cells compared to normal human mammary epithelial cells, we next addressed the molecular
mechanism of PPM1 cytotoxicity in comparison to standard chemotherapeutic agents. Doxorubicinor paclitaxel-treated MDA-MB-231 cells exhibited a pronounced accumulation of cells in the G2 /M
phase (4N) with a significant reduction of cells in the G0 /G1 (2N) and S phases (Figure 2a). Similarly,
cell-cycle analysis of cells treated with PPM1 for 24 h revealed a significant concentration-dependent
accumulation of the malignant cells in the G2 /M phase (25 and 40% for 3 and 10 µM PPM1, respectively)
as compared to control (13%). Concomitantly, PPM1 induced a significant reduction of cells in the
G0 /G1 phase of the cell cycle, which accounted for 45% (3 µM PPM1) and 24% (10 µM PPM1) relative
to controls (57.2%) (Figure 2b). As expected and at variance to PPM1, compounds PPM2 and PPM3
showed basically no effect on the cell-cycle progression of MDA-MB-231 cells (Figure 2c,d).
Detailed analysis of the cell cycle distribution of MDA-MB-231 cells revealed that within 24 h,
PPM1 treatment triggered no increase, but even a decrease in the proportion of cells positive for
phosphorylated histone H3-S10 and H3-T3 (Figure 2e), mitotic markers. H3 phosphorylation is initiated
during chromosome condensation in the prophase of mitosis with peak levels in the metaphase [27].
However paclitaxel, which is known to induce mitotic arrest [28], significantly increased the amounts
of p-histone H3-S10+ and H3-T3+ cells after 24 h (Figure 2e). Hence, PPM1 induced accumulation of
cancer cells in the G2 phase of the cell cycle.
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Figure 1. PPM1, but not PPM2 or PPM3, is selectively cytotoxic to breast cancer cells. (a) Structures and
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Treatment of MDA-MB-231 cells with different polyhalogenated monoterpenes, doxorubicin, or
paclitaxel for 12 h revealed that PPM1 was the only compound to induce a robust though transient
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aggressive MDA-MB-231 breast cancer cells (Figure 6c). By contrast, neither PPM2- nor PPM3-treated
cells exhibited any of above mentioned signs of apoptosis (Figure 6a–c).
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2.7. PPM1 Inhibits Proliferation and Induces Apoptosis in Triple-Negative MDA-MB-231 Xenografts
The in vitro cytotoxic and apoptotic properties of PPM1 were further assessed in an in vivo
Mar. Drugs 2019, 17, x FOR PEER REVIEW
10 of 16
model using MDA-MB-231 xenografts on the chorioallantoic membrane of fertilized chick eggs (CAM).
Immunohistochemical
analysis cascade,
revealedDNA
thatfragmentation
PPM1 inhibited
the caspase-dependent
expression of theevent
nuclear
In the apoptotic signaling
is a late
andantigen
a
universal
hallmark
apoptosis
[31]. Not
treatment of
MDA-MB-231
cellsstrand
Ki-67,
used asbiochemical
a marker for
growthofand
proliferation
ofsurprisingly,
the tumor xenografts,
and
induced DNA
witha PPM1
72 h increased
the percentage
of cells
with subGMDA-MB-231
1 DNA contents,
similar
to that
of
breaks,
sign offor
induction
of apoptosis,
in the highly
aggressive
breast
cancer
xenografts
doxorubicin
and
paclitaxel,
confirming
induction
of
apoptotic
cell
death
by
PPM1
in
the
highly
(Figure 7a,b). Upon examination of the embryos, neither embryo death nor any signs of overt systemic
aggressive
MDA-MB-231
breast
cancer cells
(Figure
6c). By contrast, neither PPM2- nor PPM3-treated
toxicity
associated
with PPM1
treatment
could
be detected.
cells exhibited any of above mentioned signs of apoptosis (Figure 6a–c).

Figure
7. PPM1
induces
apoptosis
andinhibits
inhibitsgrowth
growthof
ofbreast
breast cancer
cancer xenografts
MDA-MBFigure
7. PPM1
induces
apoptosis
and
xenograftsininvivo.
vivo.
MDA-MB-231
231
cells
were
grafted
onto
the
chorioallantoic
membrane
(CAM)
of
fertilized
chick
eggs.
day,
cells were grafted onto the chorioallantoic membrane (CAM) of fertilized chick eggs.Next
Next
day, the
the
tumors
were
topically
treated
with
PPM1
(3
or
10
µM),
PPM2
(10
µM),
PPM3
(10
µM),
or
tumors were topically treated with PPM1 (3 or 10 µM), PPM2 (10 µM), PPM3 (10 µM), or doxorubicin
doxorubicin (10 µM) for 3 consecutive days. (a) Representative pictures from 4 biological replicates
(10 µM) for 3 consecutive days. (a) Representative pictures from 4 biological replicates are shown. Upper
are shown. Upper panel: Pictures of tumor xenografts taken immediately after extraction. White
panel: Pictures of tumor xenografts taken immediately after extraction. White arrows—tumors. Lower
arrows – tumors. Lower panel: hematoxylin and eosin staining (HE) after histological preparation,
panel: hematoxylin and eosin staining (HE) after histological preparation, original magnification 50×.
original magnification 50x. Black arrows – tumors. (b) Upper panels: Immunohistochemical analysis
Black
(b) Upper
analysis
of dark
tumor
cell nuclear
proliferation
of arrows—tumors.
tumor cell proliferation
using panels:
nuclear Immunohistochemical
Ki-67 antigen (proliferation
marker,
violet
using
nuclear
Ki-67
antigen
(proliferation
marker,
dark
violet
nuclear
stain).
Nuclei
were
counterstained
stain). Nuclei were counterstained with hematoxylin (blue). Original magnification 200X. Lower
withpanels:
hematoxylin
(blue). (TdT,
Original
200X.ofLower
panels:
TUNEL
staining
(TdT, dark
TUNEL staining
darkmagnification
brown) for detection
cells with
fragmented
DNA
as apoptosis
marker.
Original magnification
(c) Graphs
show
of tumor
cell proliferation
and 200X.
brown)
for detection
of cells with200X.
fragmented
DNA
as quantification
apoptosis marker.
Original
magnification
apoptosis.
Statistical
analysis was
byproliferation
using the Newman-Keuls
test, n Statistical
= 3–4, *p < 0.05,
***p was
(c) Graphs
show
quantification
ofperformed
tumor cell
and apoptosis.
analysis
< 0.001 vs
performed
bycontrol.
using the Newman-Keuls test, n = 3–4, * p < 0.05, *** p < 0.001 vs. control.

Mar. Drugs 2019, 17, 437

11 of 16

3. Discussion
Although cytotoxic chemotherapy including paclitaxel and doxorubicin are widely used for the
treatment of advanced human cancer, drug resistance and adverse effects are two major clinical hurdles
limiting sustainable therapeutic efficacy.
The marine environment has proven to be a prolific source of compounds with interesting
biological activities [6]. Among marine natural products, terpenoids have provided and still represent
an interesting pool of therapeutic bioactive molecular architectures that have demonstrated effectiveness
against several human cancer cells [6,7,11–13]. By the development of a unique strategy, different
derivatives of Plocamium monoterpenes were synthesized including bromochlorinated PPM1 and
chlorinated PPM2 and PPM3 [9]. The cytotoxic potential of these polyhalogenated monoterpene
analogues has not yet been reported. PPM1 is the only brominated compound tested in the current study,
and its three-dimensional electrostatic potential and electron charge density distribution is noticeably
different from that of the non-brominated diastereomers PPM2 and PPM3. These discrepancies in
molecular structure, stereochemistry, and charge distribution correlate to a difference in biological
outcomes and in distinct mechanistic effects. Thus, only PPM1 exhibited toxicity against MCF-7
TPBC cells and the highly aggressive TNBC cells. Notably, PPM1 exhibited higher IC50 and GR50
values and, thus, less toxicity to normal human mammary epithelial cells besides low systemic toxicity
in vivo. This points to a selectivity of PPM1 against cancer cells favoring its potential use as anticancer
therapeutic regimen with fewer adverse drug reactions than conventional cytotoxic chemotherapy.
A fundamental feature of cancer is the cell-cycle perturbation associated with uncontrolled
proliferation and genomic and chromosomal instabilities. Therefore, targeting the cell cycle in cancer
cells could hold benefit in the management of malignant diseases [32]. In this regard, we show that
PPM1, similar to the cyclic polyhalogenated monoterpene, mertensene [13], caused accumulation of a
substantial cell fraction in the G2 /M phase already by 24 h post treatment. We show that at cytotoxic
concentrations, PPM1-treated cells exhibited a rapid transient activation of Aurora kinases after 1.5 h,
a surrogate marker for G2 /M arrest, the level of which was reduced to that of the control after 24 h.
Importantly, PPM1 decreased the proportion of MDA-MB-231 cells positive for phospho-histone H3-T3,
indicating G2 arrest. Similar to the mitotic inhibitor paclitaxel, PPM1 treatment increased the percentage
of polyploid cells (48 h post-treament), which might be due to the endoreplication cycle between S and
a gap phase [33]. Such cells, similar to PPM1-treated cells, display no signs of mitosis [33]. At a later
point of time (72 h), the polyploid cell population in PPM1-treated cells was significantly reduced,
whereas the apoptotic subG1 population increased, indicating cell death.
Interestingly, the induction of p21Waf1/Cip1 in MDA-MB-231 cells occurred at a PPM1 concentration
inducing repression of Aurora kinase A/B/C activity, cell cycle arrest, and cell death indicating
that in PPM1-treated cells, p21Waf1/Cip1 might have a role beyond its function as cell cycle inhibitor.
Indeed, under certain cellular stresses, p21Waf1/Cip1 might also promote apoptosis through both
p53-dependent and p53-independent mechanisms [34]. Particularly, mitochondrial membrane
depolarization was shown to be essential for the p21Waf1/Cip1 -mediated apoptosis [35]. Consistent with
these previous reports, PPM1 induced mitochondrial depolarization and apoptosis in MDA-MB-231
cells as demonstrated by several biochemical markers of apoptosis, such as caspase 3 activation, loss
of phospholipid asymmetry of the cell membrane, and late DNA fragmentation. Our in vitro study
was further supported by in vivo analysis, where PPM1 exerted antitumor activity as efficient as
doxorubicin against MDA-MB-231 xenografts through inhibition of proliferation and the induction
of apoptosis.
In summary, our study provides novel mechanistic information on the polyhalogenated
monoterpene analogues, PPM1, PPM2, and PPM3. Only PPM1 exhibited cytotoxic activity against
breast cancer cells with different p53 status. The underlined mechanistic studies in MDA-MB-231
cells point to G2 cell cycle arrest, which involves activation of Aurora kinase A/B/C and a decrease in
the proportion of cells positive for phosphorylated histone H3-T3. Subsequently, the cell cycle arrest
was followed by induction of apoptosis. The inception of apoptosis might occur due to induction of
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p21Waf1/Cip1 and dissipation of the mitochondrial membrane potential in cancer cells that specifically
drives malignant cells to apoptotic cell death. Thus, PPM1 is an interesting synthetic analogue of
bromochlorinated Plocamium monoterpenes that merits further studies for potential clinical applications
in oncology.
4. Materials and Methods
4.1. Reagents
Three analogues of Plocamium polyhalogenated monoterpenes: (1E,3E,5S,6R,7Z)-8-bromo-1,5,6
-trichloro-2-(dichloromethyl)-6-methylocta-1,3,7 triene (PPM1), (1E,3E,5S,6S)-1,5,6-trichloro-2(dichloromethyl)-6-methylocta-1,3,7-triene (PPM2) and (1Z,3E,5S,6S)-1,5,6-trichloro-2-(dichloromethyl)-6-methylocta-1,3,7-triene (PPM3), were synthesized using glyceraldehyde acetonide as a chiral
pool precursor to develop an enantioselective and divergent synthesis strategy [9]. The synthesized
compounds were purified to chemical homogeneity and their structure and conformation were
investigated by various physicochemical approaches, such as optical rotation, retention factor, IR, 1 Hand 13 C-NMR spectroscopy, and mass spectrometry [9]. Stock solutions of the studied monoterpenes
were prepared at concentrations of 20 mM in dimethyl sulfoxide and stored at -80 ◦ C to maintain their
chemical stability. Just before the biological experiments, serial dilutions from the stock solutions
were prepared and further diluted with medium (DMEM, Life Technologies, Carlsbad, CA, USA)
supplemented with 1% heat-inactivated fetal calf serum. Three-dimensional electrostatic potential
charge distribution for the polyhalogenated monoterpenes was analyzed in the Jaguar module of
Schrödinger Suite (New York, NY, USA) and 3D structures were created by Discovery Studio Software
Suite (v 3.5) from Accelrys Software Inc. (San Diego, CA, USA).
Annexin V was supplied by BD Bioscience (Bristol, UK). Paclitaxel was from MP Biomedicals (Santa
Ana, CA, USA). The mitochondrial uncoupler carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone
(FCCP), doxorubicin hydrochloride, propidium iodide, and DNase-free RNase A were obtained from
Sigma (St. Louis, MO, USA). XTT and labeled UTP (TUNEL assay) were from Roche Diagnostics
(Filderstadt, Germany). Caspase 3 substrate (Z-DEVD-R110) was from Bachem (Bubendorf, Switzerland)
and the mitochondrial potential sensor 5,50 ,6,60 -tetrachloro-1,10 , 3,30 -tetraethylbenzimidazolcarbocyanine
iodide (JC-1) was purchased from Molecular Probes (San Diego, CA, USA). Antibody against the human
proliferation antigen Ki-67 was from DakoCytomation (Glostrup, Denmark).
4.2. Cell Lines
MDA-MB-231 and MCF-7 human breast cancer cell lines were purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with penicillin (50 units/mL), streptomycin (50 µg/mL), 1% non-essential amino
acids, and 10% fetal bovine serum. The normal mammary epithelial cells (HME-1) were purchased
from ATCC and cultured in mammary epithelial cell basal medium (MEBM) provided by Lonza (Basel,
Switzerland). The other cell lines were from German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany) and cultured as recommended by ATCC.
4.3. Cell Viability Analysis
The cell viability assay is based on the measurement of the optical density of the orange colored
water-soluble formazan salt produced by viable cells with active mitochondrial dehydrogenase
(mitochondrial reduction of tetrazolium salt). Cells were plated in 96-well microtiter plates and treated
with the respective compounds for the specified times before incubating them with XTT labeling
mixture at 37 ◦ C [36–38]. The spectrophotometric absorbance was measured using a TECAN Infinite®
200 PRO microplate reader (Männedorf, Switzerland) at 450 nm with a 630 nm-reference filter.
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4.4. Cell Cycle Analysis
Following treatment with either of the polyhalogenated monoterpenes, doxorubicin (100 nM), or
paclitaxel (100 nM), MDA-MB-231 cells were fixed in ice-cold 70% ethanol. The nuclei were stained
with propidium iodide in RNase-containing buffer for 1 h at 37 ◦ C [39] and analyzed by using flow
cytometry (FACS Verse, BD Biosciences, San Jose, CA, USA). Cell doublets exclusion was performed
before analysis to maintain the fidelity of the data. Further, cell cycle analysis was done with FlowJo
software (TreeStar Inc., Ashland, OR, USA).
4.5. Analysis of Apoptosis
Caspase 3 activity was analyzed using fluorometric detection of the cleaved tetrapeptide caspase
3/7 substrate Z-DEVD-R110. Briefly, the collected MDA-MB-231 cells were incubated with caspase 3/7
substrate (Z-DEVD-R110, 100 µM) in PBS for 1 h at 37 ◦ C [36,37] and analyzed by flow cytometry (FACS
Verse). To validate the contribution of caspase-dependent apoptosis in PPM1-induced cytotoxicity,
MDA-MB-231 cells were pretreated with pancaspase inhibitor (z-VAD-fmk, 50 µM) (Calbiochem, San
Diego, CA, USA) for 2 h before treatment with PPM1 (10 µM) for further 48 h and cell viability was
analyzed using the XTT cell viability assay. Early and late apoptotic cells were sorted and quantified
by flow cytometric analysis of Annexin V-FITC conjugate/propidium iodide double-stained cells [36].
The treated MDA-MB-231 cells were incubated with annexin V-FITC conjugate in binding buffer
for 20 min in the dark. Annexin V binds with high affinity to phosphatidylserine exposed on the
cell membranes as a sign of early apoptosis. Prior to acquisition, propidium iodide was added to
identify the cells that had lost membrane integrity in the late stage of apoptotis. The percentages of
the subdiploid G1 cells (subG1 ) with fragmented DNA were determined by using propidium iodide
staining and FACS analysis of cells treated for 72 h [39].
4.6. Analysis of Mitochondrial Integrity
MDA-MB-231 cells were treated either with various concentrations of different polyhalogenated
monoterpenes, or doxorubicin (100 nM) for 24 h. Changes in the mitochondrial membrane potential
were determined using the voltage-sensitive lipophilic cationic probe, JC-1 sensor, which concentrates
selectively within intact mitochondria to form multimeric J-aggregates emitting red fluorescence at
590 nm. By contrast, the monomeric form of the dye found in the cytosol of the cells upon leakage from
damaged mitochondria emits green fluorescence at 527 nm, when excited at 490 nm. Treated cells were
loaded with 10 µg/mL JC-1 dye in serum-free medium for 20 min at 37 ◦ C [36,37] and analyzed by flow
cytometry (FACS Verse, BD Biosciences, San Jose, CA). Appropriate compensation was set by using
MDA-MB-231 cells treated with the mitochondrial uncoupler FCCP (50 µM, 6 h) as positive control.
4.7. Analysis of Histone H3 Phosphorylation
MDA-MB-231 cells were treated with respective compounds, fixed, permeabilized with methanol,
and stained with antibodies against phospho-histone H3-S10 (1:50) and H3-T3 (1:200), both from Cell
Signaling Technology (Danvers, MA, USA), followed by FITC-labeled secondary antibody, and flow
cytometric analysis. DNA was counterstained with propidium iodide in buffer containing RNase.
4.8. Western Blot Analysis
The effect of the polyhalogenated monoterpenes on signaling molecules was studied by Western
immunoblot analysis of the total cell lysates. Briefly, the treated MDA-MB-231 cells were lysed in
cold RIPA buffer (1.0% igepal CA-630, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulphate
(SDS) in PBS, pH 7.4) in the presence of protease and phosphatase inhibitors. Cell debris was removed
by high-speed centrifugation and protein concentrations of the samples were determined using a
Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of protein
were separated by SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride (PVDF)
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membranes. Antibodies used are as follows: phospho-Aurora AT288 /Aurora BT232 /Aurora CT198 , cyclin
B1 , p-CDK1Y15 , CDK1, and p21Waf1/Cip1 (all 1:1000, Cell Signaling Technology), actin (1:500, Chemicon,
Temecula, CA, USA), and Aurora kinase A (1:1000, IAK, BD Biosciences). Proteins were visualized with
above antibodies, detected with corresponding horseradish peroxidase-coupled secondary antibodies
and ECLTM prime Substrate (GE Healthcare Life Sciences, Chicago, IL) using an AmershamTM imager
600 from GE Healthcare Life Sciences. Expression of phosphorylated Aurora kinases A, B, C, total
Aurora kinase A, and actin was quantified with an AmershamTM imager 600 and ImageQuantTM TL
8.2 software (GE Healthcare Life Sciences, Chicago, IL, USA).
4.9. Human Tumor Xenografts as Experimental in Vivo Model
The study protocol complies with the Guide for the Care and Use of Laboratory Animals issued
by US and European regulatory agencies. MDA-MB-231 cells were xenotransplanted onto the chick
chorioallantoic membrane 8 days after fertilization. The next day, the xenografts were topically treated
for 3 consecutive days with 20 µL of each compound. On day 12 after fertilization, the xenografts
were collected, fixed, and paraffin-embedded for histological analysis. Serial sections (5 µm) were
stained for the human proliferation antigen Ki-67. For the detection of apoptotic cells, DNA strand
breaks were visualized by the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
method [36]. The sections were counterstained with hematoxylin and images were digitally recorded
with an Axiophot microscope (Carl Zeiss, Göttingen, Germany) and a Sony MC-3249 CCD camera
using Visupac 22.1 software (Carl Zeiss), and quantified using Gryphax®software (Jena, Germany).
Avian embryos in this study were sacrificed prior to 7 days before hatching.
4.10. Statistical Analysis
All values are expressed as mean ± standard error of the mean (SEM). Statistical analysis was
performed using the Newman-Keuls post-hoc test for multigroup comparisons by using Statistica
software (StatSoft, Tulsa, OK, USA).
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