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Globally, breast cancer is the most commonmalignancy in women and the second most common cause of
cancer-related death among women. There is therefore a need to identify more efficacious therapies for
this neoplasm. Galenia africana (Kraalbos) is a perennial shrub found in Southern Africa and is used by the
indigenous people to treat various ailments. There has therefore been much interest to establish the sci-
entific basis for the medicinal properties of Kraalbos. This study aimed to investigate and characterise the
anti-cancer activity of an ethanolic extract of Kraalbos leaves, KB2, against oestrogen receptor positive
(MCF-7) and triple negative (MDA-MB-231) breast cancer cells. LC-MS/MS analyses identified the phyto-
chemicals 70-hydroxyflavanone, 50 ,7’-dihydroxyflavanone, 20 ,40-dihydroxydihydrochalcone and 20,40-dihy
droxychalcone in KB2. KB2 exhibited an IC50 of 114 mg/ml and 130.5 mg/ml in MCF-7 and MDA-MB-231
cells respectively, selectively inhibited their long-term survival and reduced their migration which cor-
related with a decrease in EMT markers. It induced oxidative stress (ROS), DNA damage (increased levels
of c-H2AX), and triggered cell cycle arrests in MCF-7 and MDA-MB-231 cells. Importantly, KB2 activated
intrinsic (cleaved caspase 9) and extrinsic (cleaved caspase 8) apoptosis, necroptosis (p-RIP3 and the
downstream target of the necrosome, pMLKL) and autophagy (LC3II). Co-treatment of the breast cancer
cells with KB2 and the autophagy inhibitor bafilomycin A1 resulted in a significant increase in cell viabil-
ity which suggests that KB2 induced autophagy is a cell death mechanism.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the most commonly diagnosed cancer and the
principal cause of death from cancer among women globally
(Bray et al., 2018). To reduce this burden, there is a pressing need
to find effective therapies that exhibit minimal side effects. Accu-
mulating evidence suggests that plant-derived compounds may
prove extremely beneficial for the treatment of a broad spectrum
of cancers. Indeed, several phytochemicals have entered clinical
trials and are showing promise for the treatment of breast cancer.
For example, the herbal preparation from Blue Citrus
(NCT00702858) is currently in clinical trials for oestrogen receptor
positive (ER+) post-menopausal breast cancer, and herbal extracts
from Scutellaria barbata (NCT00028977) have passed phase II clin-
ical trials for metastatic breast cancer. Furthemore, there is evi-
dence that phytochemical derivatives can be used synergistically
with other chemotherapeutic agents to treat cancer. Indeed, leaf
extracts of Strobilanthes crispus in combination with tamoxifen
induced apoptosis in ER+ and triple negative (TN) breast cancer
cells (Yaacob et al., 2014).

Galenia africana is a perennial shrub also known as Kraalbos or
Geelbos. It is indigenous to Southern Africa and is found mainly in
the Namaqualand and Karoo regions. The indigenous Khoisan peo-
ple and the inhabitants of the Namaqua region have long been
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aware of the medicinal properties of Kraalbos. It has been tradi-
tionally used to treat a variety of ailments such as skin rashes, dan-
druff and dry scalp, coughs and wounds (VanWyk et al., 2008). It is
also a known analgesic used to treat toothache and has been used
to treat respiratory conditions such as asthma and tuberculosis
(Van De Beer and Wyk, 2011; Mativandlela et al., 2009, 2008). This
versatility in the traditional use of Kraalbos as a medicinal agent
and its panacea like status among the indigenous people have been
the impetus for the scientific investigation of its medicinal proper-
ties. Several studies have demonstrated the activity of Kraalbos
extracts against a broad variety of biological pathogens. Elbagory
et al. (2017) reported that gold nanoparticles encasing an aqueous
Kraalbos extract showed anti-microbial properties against Pseu-
domonas aeruginosa. Extracts of Kraalbos also exhibited anti-
mycobacterial effects against both Mycobacterium smegmatis and
Mycobaterium tuberculosis (Mativandlela et al., 2009, 2008). Simi-
larly, ethanolic extracts derived from the aerial parts of the Kraal-
bos plant have been reported to display anti-fungal activity (Vries
et al., 2005). Thus, there is a growing pool of scientific literature
that provides credibility to the anecdotal claims of Kraalbos as a
medicinal agent.

While there is some evidence that Kraalbos extracts may also
have anti-cancer activity, its application in the treatment of cancer
is poorly understood. The aim of this study was to determine the
anti-cancer activity of an ethanolic Kraalbos extract (KB2) against
ER+ (MCF-7) and TN (MDA-MB-231) breast cancer cells. To this
end, we investigated the impact of KB2 on short- and long-term
cytotoxicity, breast cancer cell selectivity, and migration. This
study also aimed to elucidate the mechanism by which KB2 exerts
its cytotoxicity in breast cancer cells by investigating its effects on
ROS production, DNA damage, the cell cycle, and programmed cell
death pathways such as apoptosis, necroptosis and autophagy.
2. Materials and methods

2.1. Cell lines and culture

ER+ breast adenocarcinoma MCF-7 cells were cultured in RPMI
1640 medium and the non-malignant fibroblast, FG0, and TN
breast adenocarcinoma MDA-MB-231 cells were maintained in
DMEM. The non-malignant breast epithelial cells (MCF-12A) were
maintained in a 1:1 mixture of DMEM and Ham’s F12 medium sup-
plemented with 100 ng/ml cholera toxin and 20 ng/ml epidermal
growth factor (Sigma-Aldrich, Missouri, USA), 500 ng/ml hydrocor-
tisone (Calbiochem, California, USA), and 10 mg/ml insulin (Novo
Nordisk, Bagsværd, Denmark). All media (Gibco�, Life Technologies
New York) were supplemented with 10% fetal bovine serum
(Gibco�, Life Technologies, New York), 100 U/ml penicillin and
100 mg/ml streptomycin (Sigma-Aldrich, Missouri, USA).
2.2. Harvesting and extraction

The Kraalbos plant was harvested from the Kommagas region in
the Northern Cape, South Africa. The leaves, shoots and twigs were
sundried and milled using a hammer mill. The raw material was
then subjected to extraction using a 1:8 of 60% ethanol as a solvent
at 60–65 �C for 4 h. The extract was then filtered and subjected to
vacuum drying (80–90% vacuum) at 70–75 �C to yield the final KB2
extract. KB2 was dissolved in DMSO to obtain a 20 mg/ml stock and
the stock was serially diluted using the appropriate medium to
prepare the working solutions.
2.3. LC-MS/MS analysis of KB2

The extract was analyzed by liquid chromatography and elec-
trospray ionization mass spectrometry according to previously
described methods (Keskes et al., 2017). For chromatographic sep-
arations, an Agilent 1290 HPLC system (Agilent Technologies, USA)
equipped with infinity binary pump was used. The compounds
were separated at 40 �C on a Phenomenex Kinetex C18 column
(100 mm � 2.1 mm � 1.7 lm; Agilent Technologies, USA) with
two mobile phases containing H2O with 0.1% formic acid (A) and
acetonitrile with 0.1% formic acid (B) at a flow rate of 0.35 ml/
min for 9 min. MS detection was performed in a 4500 Qtrap mass
spectrometer (AB Sciex, USA) equipped with electrospray ioniza-
tion source (ESI) and a triple quadrupole-ion trap mass analyzer.
The injected amount of ethanolic extract of KB2 was 5 ml on the
4500 Q-Trap. The ESI worked with the negative ion mode at the fol-
lowing conditions: capillary temperature 450 �C, curtain gas at 35
psi and nebulizer gas at 40 psi, negative ionization mode source at
�4500 V and nitrogen was used as curtain and collision gas. The
analytes were identified by comparing retention time and m/z val-
ues obtained by MS/MS from corresponding standards. The MRM
transitions used to monitor the analytes, 70-hydroxyflavanone,
50,70-dihydroxyflavanone (pinocembrin), 20,40-dihydroxychalcone
and 20,40-dihydroxydihydrochalcone were (239 ? 91),
(255 ? 107), (239 ? 197) and (241 ? 109) respectively. The cer-
tified analytical standards pinocembrin (Sigma-Aldrich, P5239)
and 2,’40-dihydroxychalcone (Indofine, D504) were used at a con-
centration range from 0.05 to 25 ppm. Doped standards
[1000 ppm of the pinocembrin and 2,’40-dihydroxychalcone were
mixed to prepare a 500 ppm working stock] were included. Certi-
fied reference standards were used to setup a multi-point calibra-
tion curve for quantification of the actives. The area under the
curve was used for quantification.

2.4. Cell-Titer Glo� assay

Cells were seeded in 96 well plates and treated with vehicle or
KB2 for 48 h. The Cell-Titer Glo� Luminescent cell viability assay
(Promega, Wisconsin, USA) was performed following the manufac-
turer’s instructions. Luminescence was measured using a fluorom-
eter (GloMax� Explorer Promega, Wisconsin, USA). Three
independent experiments were performed to determine the half
maximal inhibitory concentration values (IC50) of KB2 using
GraphPad Prism version 6.0 (California, USA). The selectivity index
(SI) of KB2 was determined by dividing its IC50 in a non-malignant
cell line by its IC50 in a breast cancer cell line.

2.5. Clonogenic assays

Cells were seeded at 2.5–3.0 � 105 cells per 6 cm dish and trea-
ted with vehicle or KB2 for 24 h. Cells were then trypsinized,
washed with PBS and re-plated at low densities (800–2000 cells
per 35 mm dishes) and allowed to form colonies for 7–21 days
depending on the cell line. The clonogenic assays were performed
as described by Bleloch et al. (2019).

2.6. In vitro cell migration assay

Cells were seeded in 12 well plates and allowed to reach 100%
confluency and a scratch motility assay was performed as
described by Bleloch et al. (2019). On the day that the scratch
was made, the cells were treated with vehicle or KB2 and the
wound was monitored and photographed using the Evos� XL Core
microscope (Thermo Fisher Scientific, Massachusetts, USA) at 3 h
intervals for up to 24 h. The areas of the wounds were measured
using the ImageJ software. The area of the wound at each time



Fig. 1. Phytochemical composition and short- and long-term cytotoxicity of KB2. (A) MS/MS data from the LC fractions eluted between 0 min and 9 min running time. The
compounds and their corresponding structures are shown alongside the chromatogram. The MRM transitions used to monitor the analytes, 70-hydroxy flavanone, 50 ,70-
dihydroxyflavanone (pinocembrin), 20 ,40-dihydroxychalcone and 20 ,40-dihydroxydihydrochalcone were (239 ? 91), (255 ? 107), (239 ? 197) and (241 ? 109) respectively.
(B) Short-term cytotoxicity in cells treated with a range of KB2 concentrations (0–200 mg/ml) for 48 h. (C) Representative images of MCF-7 (left panel) and MDA-MB-231
(right panel) cells treated as indicated and captured using light microscopy (200�). (D) Selectivity indices of KB2. (E) Representative images and quantification of clonogenic
assays. Colonies were stained with crystal violet, photographed and the areas of the colonies measured using the ColonyArea plugin for ImageJ. The graph represents the
mean colony area ± SEM of each treatment as a percentage of the vehicle control for experiments done in triplicate. Data was analysed using GraphPad Prism 6.0 and a
parametric unpaired t-test was performed where *p � 0.05, **p � 0.01 and ***p � 0.001.
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point was measured and subtracted from the area at time zero to
yield the migrated area.
2.7. Flow cytometry analysis

The cells were treated with vehicle or KB2 for 48 h and pro-
cessed as previously described (Bleloch et al., 2019). The cell cycle
profiling was done using the BD FACS Calibur flow cytometer (Bec-
ton Dickinson, New Jersey, USA) with a 488 nm Coherent laser
(Santa Clara, California, USA). The Cell quest Pro version 5.2.1 soft-
ware was used for data acquisition.
Table 1
Phytochemical composition of the ethanolic extract KB2 obtained from Galenia africana.

Compound Chemical formula Rete

70-hydroxyflavanone C15H12O3 1.4
50 ,70-dihydroxyflavanone (pinocembrin) C15H12O4 1.7
20 ,40-dihydroxydihydrochalcone C15H14O3 2.1
20 ,40-dihydroxychalcone C15H12O3 2.2

Fig. 2. KB2 inhibits breast cancer cell migration. (A) Representative images and quantifica
points. Graphs represent mean area migrated ± SEM pooled from three independent rep
was performed where *p < 0.05, **p < 0.01, ***p < 0.001. (B) Western blot analyses of prote
indicated and incubated with antibodies to EMT markers: E-cadherin, b-catenin and vim
2.8. Oxidative stress detection assays

The levels of H2O2 (ROS) and glutathione (antioxidant) were
measured using the ROS-GloTM H2O2 and GSH-GloTM Glutathione
assay kits (Promega, Wisconsin, USA) respectively following the
manufacturer’s instructions and the results were read using the
GloMax� Explorer machine (Promega, Wisconsin, USA).
2.9. Western blotting

The cells were treated with vehicle or KB2 for 24 h and 48 h. The
cells were lysed in whole-cell lysis buffer and western blotting was
ntion time (tR) (min) m/z calculated MW %

238.9 240.25 1.9
255.0 256.25 7.4
241.0 242.27 1.8
238.9 240.25 7.4

tion of scratch motility assay of cells treated as indicated taken at the specified time
eats. Data was analysed using GraphPad Prism 6.0 and a parametric unpaired t-test
in harvested fromMCF-7 (left panel) and MDA-MB-231 (right panel) cells treated as
entin.
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carried out as previously described (Bleloch et al., 2019). The pri-
mary antibodies used in this study were, rabbit polyclonal antibod-
ies to phospho-histone H2A.X (Ser139) (#2577), cleaved caspase-3
(Asp175) (#9661), PARP (#9542), caspase-9 (#9502), LC3II
(#2775), rabbit monoclonal antibody to b-Catenin (D10A8)
(#8480), cleaved caspase-7 (Asp198) (D6H1) (#8438), mouse mon-
oclonal antibodies to E-cadherin (4A2) (#14472), vimentin (R28)
(#3932), Cyclin B1 (V152) (#4135), Caspase-8 (1C12) (#9746) from
Fig. 3. KB2 induces DNA damage in breast cancer cells. (A) H2O2 and GSH levels were m
treated as indicated. Graph represents mean levels of H2O2 and GSH ± SEM pooled fro
parametric unpaired t-test was performed relative to vehicle treated cells where *p < 0.05
(left panel) and MDA-MB-231 (right panel) cells treated as indicated and incubated with a
231 (right panel) cells treated as indicated and processed by immunocytochemistry for c-
H2AX signal from 20 fields of view from three independent repeats. Data was analysed
*p < 0.05, **p < 0.01, ***p < 0.001.
Cell Signaling Technology (Massachusetts, USA); mouse mono-
clonal antibody to p53 (DO-1) (sc-126), rabbit polyclonal antibod-
ies to p21 (C-19) (sc-397), Cyclin A (H-432) (sc-751) from Santa
Cruz Biotechnology (Texas, USA); rabbit polyclonal antibody to
p38 MAP kinase (M0800) from Sigma Aldrich. After primary anti-
body incubation, membranes were incubated with goat anti-
rabbit or goat anti-mouse HRP-conjugated secondary antibodies
(Bio-Rad Laboratories, California, USA). p38 was used as a loading
easured using ROS-GloTM H2O2 and GSH-GloTM Glutathione assay kits from the cells
m two independent repeats. Data was analysed using GraphPad Prism 6.0 and a
, **p < 0.01, ***p < 0.001. (B) Western blot analyses of protein harvested from MCF-7
ntibodies to c-H2AX. (C) Representative images of MCF-7 (left panel) and MDA-MB-
H2AX levels (Cy3 channel). Quantification is representative of the intensity of the c-
using GraphPad Prism 6.0 and a parametric unpaired t-test was performed where
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control. Densitometry readings were obtained using ImageJ and
protein expression levels are represented as a ratio of protein of
interest/p38 normalized to the vehicle control sample.

2.10. Immunocytochemistry

Cells were treated with vehicle or KB2 for 24 h or 48 h and
immunocytochemistry and analyses thereof carried out as previ-
ously described (Bleloch et al., 2019). Briefly, before treatment,
cells were seeded on glass coverslips in 35 mm dishes. After treat-
ment cells were fixed with ice cold methanol, then permeabilised
and blocked. Slides were incubated with antibodies against
phospho-histone H2A.X (#2577) or LC3B (#2775) (Cell Signaling
Technology) in blocking buffer overnight at 4 �C. The following
day, slides were incubated with donkey anti-rabbit Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch Labo-
ratories Inc., Pennsylvania, USA) and the nuclei were stained with
Hoechst. Images were obtained on a Carl Zeiss LSM 880 with Fast
Airyscan module confocal microscope and analysis was carried
out using he Zen software.

2.11. Statistical analysis

All experiments were repeated three times with at least three
technical repeats per experiment, unless stated otherwise. Statisti-
cal analyses were carried out on data pooled from all biological
repeats using Graphpad prism version 6.0 and values are presented
Fig. 4. KB2 induces cell cycle arrests in breast cancer cells. (A) Flow cytometry analysis
phase of the cell cycle pooled from three independent repeats. Data was analysed using G
**p < 0.01, ***p < 0.001. (B) Western blot analyses of protein harvested from MCF-7 (left
antibodies to the cell cycle regulators: p53, p21, Cyclin A and B1.
as mean ± standard deviation. Significance was determined using a
student t-test, p < 0.05 indicated statistical significance.
3. Results and discussion

3.1. Phytochemical composition of KB2

To identify the active compounds present in the KB2 ethanolic
extract of Galenia Africana we performed LC-MS/MS analysis. The
results shown in Fig. 1A and Table 1 revealed that the extract con-
sisted of a mixture of 7-hydroxyflavanone (1.9%), 5,7-
dihydroxyflavanone (pinocembrin) (7.4%), 20,40-dihydroxydihydro
chalcone (1.8%) and 20,40-dihydroxychalcone (7.4%) which are
minor flavonoids found in small amounts only in plants (Clifford
and Toma, 2000). The composition of KB2 is interesting in light
of reports from epidemiological studies and clinical trials that fla-
vanoids have major roles in cancer prevention and chemotherapy.
Specifically, while flavanones have shown anti- oral and -breast
cancer activity, chalcones have shown anti-cancer activity in oral
cancer and leukemia (Chahar et al., 2011). In this regard, it is worth
noting that pinocembrin was also previously identified in Kraalbos
extracts (Mativandlela et al., 2009; Ng’uni, 2017; Ticha et al., 2015;
Vries et al., 2005) and that pinocembrin has been shown to exhibit
anti-cancer effects against a variety of cancers including colon can-
cer, prostate cancer and leukemia (Chen et al., 2013; Kumar et al.,
2007; Rasul et al., 2013). Given the known anti-cancer activity of
flavonoids it is tempting to speculate that they are responsible
of cells treated as indicated, the bar graphs show the percentage of the cells at each
raphPad Prism 6.0 and a parametric unpaired t-test was performed where *p < 0.05,
panel) and MDA-MB-231 (right panel) cells treated as indicated and incubated with
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for the anti-cancer activity exhibited by KB2 either solely or that
they work synergistically with other, as yet to be identified com-
pounds, present in the KB2 extract.

3.2. KB2 exerts short-term and long-term cytotoxicity in breast cancer
cells

To determine the short-term cytotoxicity of KB2 in breast can-
cer cells, the Cell-Titer� Glo assay was used. The results showed
that KB2 exhibited an IC50 of 114.0 mg/ml and 130.5 mg/ml in
ER + MCF-7 and TN MDA-MB-231 cells respectively (Fig. 1B). It is
worth noting that, Ng’uni (2017) obtained an IC50 of 1250 mg/ml
for a Kraalbos extract in MCF-7 cells which is 11 times more than
what we obtained for KB2. It is possible that the difference in IC50

values is due to the preparation of KB2 used in our study having
been through more processing steps and therefore being more
pure. Light microscopy confirmed that KB2 reduced the viability
of the breast cancer cells in a dose dependent manner (Fig. 1C).
To determine the selectivity of KB2 for breast cancer cells, we next
determined its IC50 in non-malignant fibroblasts (FG0) and breast
Fig. 5. KB2 induces apoptosis and necroptosis in breast cancer cells. (A) Representativ
correspond to magnified images below which highlight (1) cell shrinkage, (2) membra
harvested from MCF-7 (left panel) and MDA-MB-231 (right panel) cells treated as indica
and cleaved PARP and necroptotic markers: p-RIP3 and p-MLKL.
epithelial cells (MCF-12A) and values of 185.5 lg/ml and
159.8 lg/ml respectively were obtained. These results indicated
that ER+ and TN breast cancer cells were slightly more sensitive
to KB2 than non-malignant cells with approximate selectivity
indices (SI) ranging from 1.22 to 1.63 (Fig. 1D).

The clonogenic assay is considered a powerful tool to predict
the sensitivity or resistance that cancer patients may have to an
anti-cancer drug (Fiebig et al., 2004). Briefly, the assay involves
testing the colony forming ability of cancer cells after their long-
term exposure to a potential anti-cancer drug. We therefore next
investigated the effect of KB2 on MCF-7 and MDA-MB-231 breast
cancer cells in clonogenic assays and we included the MCF-12A
non-malignant breast epithelial cells as a control. The results
showed that ½ IC50 and IC50 KB2 significantly inhibited the survival
and proliferation of MCF-7 and MDA-MB-231 breast cancer cells
(Fig. 1E). Importantly, whereas ½ IC50 KB2 had no significant effect
on the survival of the non-malignant MCF-12A cells, it inhibited
survival of 86% and 96% of the MCF-7 and MDA-MB-231 breast
cancer cells respectively. These results are important because they
reveal that while, in the short-term cell viability assays, KB2 had SI
e light microcopy images (200�) of cells treated as indicated. Numbered circles
ne blebbing and (3) chromatin condensation. (B) Western blot analyses of protein
ted and incubated with antibodies to apoptotic markers: Cleaved caspases 9, 8, 7, 3
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values below the recommended value of 2 (Koch et al., 2005), it
exhibited greater selectivity for the breast cancer cells in the
long-term survival assays. Furthermore, the sensitivity displayed
by the MDA-MB-231 cells to KB2 is promising because it repre-
sents a TN breast cancer which are notoriously recalcitrant to cur-
rent therapies.
Fig. 6. KB2 induces autophagy in breast cancer cells. (A) Representative light microc
structures. (B) Representative confocal immunofluorescence images (630�; scale bar is 2
panel) cells treated as indicated and incubated with LC3 primary antibody, fluorophore
show quantification of LC3 staining representative of the intensity of the LC3 signal f
GraphPad Prism 6.0 and a parametric unpaired t-test was performed where *p < 0.05, **p
panel) and MDA-MB-231 (right panel) cells treated as indicated and incubated with anti
MB-231 (right panel) cells treated with KB2 or vehicle for 48 h followed by 2 h of treatme
of vehicle control ± SEM determined from three independent experiments performed
unpaired t-test was performed where *p < 0.05, **p < 0.01, ***p < 0.001.
3.3. KB2 inhibits breast cancer cell migration

The ability of breast cancer cells to migrate from the primary
site to form metastatic tumours in distant organs is the main cause
of morbidity. We therefore investigated the effect of KB2 on the
ability of MCF-7 and MDA-MB-231 cells to migrate using a scratch
opy images (200�) from cells treated as indicated, red arrows showing vacuolar
0 mm) from three independent repeats of MCF-7 (left panel) and MDA-MB-231 (right
conjugated Cy3 secondary antibody and nuclei were stained with DAPI. Bar graphs
rom 20 fields of view from three independent repeats. Data were analysed using
< 0.01, ***p < 0.001. (C) Western blot analyses of protein harvested from MCF-7 (left
bodies to LC3. (D) MTT assays showing cell viability of MCF-7 (left panel) and MDA-
nt with 200 nM bafilomycin A1. Bar graphs showmean cell viability as a percentage
in quadruplicate. Data was analysed using Graph Pad Prism 6.0 and a parametric



Fig. 7. Proposed model for mechanism of cytotoxic activity of KB2 in breast cancer
cells. KB2 induces oxidative stress which induces DNA double strand breaks (DSBs)
leading to activation of p21 in a p53 dependent and independent manner. This
results in cell cycle arrests followed by the activation of the extrinsic and intrinsic
apoptotic pathways, necroptosis and autophagic cell death.
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motility assay. The results showed that KB2 significantly reduced
the migratory ability of both breast cancer cell lines in a dose
dependent manner (Fig. 2A). Epithelial to mesenchymal transition
(EMT) describes a process where epithelial cells lose their adhesive
properties and acquire a fibroblast-like morphology and increased
motility (Dongre and Weinberg, 2019). It confers upon cancer cells
increased metastatic and invasive properties and greater resistance
to chemotherapy and immunotherapy (Qian et al., 2017). Thus, tar-
geting the EMT process is a potentially important approach for
suppressing breast cancer cell metastasis. We therefore analysed
the effect of KB2 on EMT markers using western blotting with pro-
tein harvested when the scratch in vehicle treated cells reached
>95% closure. Due to their metastatic ability the MDA-MB-231 cells
were able to achieve this more rapidly (9 h) than the MCF-7 cells
(24 h). The results show that the KB2-inhibition of breast cancer
cell migration correlated with the downregulation of the mes-
enchymal markers, b-Catenin and vimentin, and the induction of
the epithelial marker, E-cadherin (Fig. 2B). These results are consis-
tent with reports that the flavonoid Luteolin inhibited invasion of
MDA-MB-231 cells by upregulating E-cadherin and downregulat-
ing the mesenchymal markers vimentin, N-cadherin, SNAIL and
SLUG (Eichsteininger et al., 2019). Together, the data showed that
KB2 exhibited several anti-breast cancer properties.

3.4. KB2 induces oxidative stress and DNA damage in breast cancer
cells

One of the mechanisms by which phytochemicals kill cancer
cells is by inducing an oxidative stress through the generation of
ROS which leads to a decrease in antioxidants and damage to
DNA, RNA, protein and lipid molecules resulting in apoptosis
(Vallejo et al., 2017). Therefore, to begin to investigate the mecha-
nism(s) by which KB2 exerted cytotoxicity in breast cancer cells,
we measured the effect of KB2 on levels of the free radical, H2O2,
and the antioxidant, glutathione. Our results showed that KB2
treatment led to an increase in H2O2 levels and a decrease in glu-
tathione levels (Fig. 3A). This suggested that KB2 induced ROS pro-
duction while reducing antioxidants which is consistent with what
has been observed for other natural products and extracts (Chen
et al., 2009; Tiloke et al., 2013).

We next investigated whether KB2 induced double strand DNA
breaks in MCF-7 and MDA-MB-231 breast cancer cells by perform-
ing western blotting and immunofluorescence with an antibody to
c-H2AX. Our results showed that KB2 treatment led to a dose
dependent increase in c-H2AX levels (Fig. 3B) and nuclei puncta
(Fig. 3C). Together these results indicate that KB2 induces both
ROS and DNA damage in breast cancer cells. It is likely that the
induced DNA damage is a direct consequence of ROS production
as other natural products, such as the polyphenol curcumin, have
been shown to cause ROS induced DNA damage
(Navaneethakrishnan et al., 2019). Quercitin, another polyphenolic
natural product, has been shown to induce DNA damage by inter-
calating with DNA as well as interfering with DNA topoisomerase II
(Srivastava et al., 2016; Zhang et al., 2015). Thus the possibility
that KB2 induces DNA damage by mechanisms independent of
ROS cannot be ruled out.

3.5. KB2 inhibits breast cancer cell cycle progression

In response to DNA double strand breaks, cells activate cell
cycle checkpoints to allow for the repair of the damaged DNA
but if the damage is too great they undergo programmed cell death
(Shaltiel et al., 2015). We therefore analyzed the effect of KB2 on
the cell cycle profile of the breast cancer cells using flow cytome-
try. The results revealed that KB2 treatment resulted in an accumu-
lation of MCF-7 cells in the S-phase and an accumulation of MDA-
MB-231 cells in G2/M (Fig. 4A). In response to genotoxic (DSBs)
and oxidative (ROS) stress the tumor suppressor p53 and the cyclin
dependent kinase (CDK) inhibitor, p21WAF1/Cip1 (hereafter referred
to as p21), are important mediators of cell cycle arrest and cell
death. p21, which can be induced in a p53-dependent and p53-
independent manner, promotes cell cycle arrests by binding to
and inhibiting the activity of cyclin-CDK1, -CDK2, and -CDK4/6
complexes (Johnson and Walker, 1999). Western blot analyses
revealed that upon KB2 treatment MCF-7 cells upregulated p53
levels but p53 levels remained largely unchanged in MDA-MB-
231 cells which is probably due them expressing a mutated form
of p53 (Fig. 4B). Importantly, KB2 treatment of both breast cancer
cell lines resulted in an upregulation of p21 levels and a decrease in
the levels of Cyclins A and B1 (Fig. 4B). Together, the results sug-
gested that KB2 activated p21 in a p53-dependent and -
independent manner to block MCF-7 and MDA-MB-231 cell cycle
progression by downregulating Cyclins A and B1. This series of
events is consistent with results from other studies that have
investigated the effects of oxidative stress on cancer cells (Russo
et al., 1995). Furthermore, pinocembrin, was also reported to
induce an S-phase cell cycle arrest in LNCaP prostate cancer cells
(Chen et al., 2013) and a pinocembrin derivative (5-hydroxy-4-ox
o-2-phenylchroman-7-yl 3,4,5-trimethoxybenzoate) exhibited anti
proliferative activity in MDA-MB-231 cells (Cappello et al., 2019).
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3.6. KB2 triggers intrinsic and extrinsic apoptosis and necroptosis in
breast cancer cells

When cells are unable to repair DNA damage, biochemical cas-
cades are activated that lead to one or more forms of programmed
cell death (PCD) such as apoptosis, autophagy (PCD type II) and
programmed necrosis (PCD type III), also known as necroptosis.
Light microscopy analyses revealed that KB2 induced characteristic
features of apoptosis including chromatin condensation, cell
shrinkage and membrane blebbing (Fig. 5A). Western blot analyses
showed that the levels of cleaved caspase 9 and 8, the initiator cas-
pases for intrinsic and extrinsic apoptosis respectively, increased in
response to KB2 treatment (Fig. 5B). It would, however, appear that
while the activation of caspase 9 is more robust at 24 h, this is true
for caspase 8 activation at 48 h of KB2 treatment. This correlated
with increased levels of the active (cleaved) forms of the execu-
tioner caspases 3/7 and their substrate poly (ADP-ribose) poly-
merase (PARP). Together these results indicated that while KB2
induced both apoptotic pathways in the breast cancer cells tested,
it triggerered the intrinsic apoptotic pathway before the extrinsic
apoptotic pathway. The ability of anti-cancer drugs to activate both
intrinsic and extrinsic apoptosis is advantageous because many
cancer cells are capable of overriding the intrinsic pathway which
compromises their effectiveness (Rebucci and Michiels, 2013).

While most cancer cells initially respond to proapoptotic drugs,
they frequently acquire the ability to bypass the apoptotic pathway
and develop drug resistance leading to tumour recurrence (Ouyang
et al., 2012; Su et al., 2016). It is therefore predicted that for sus-
tainable activity anti-cancer drugs need to trigger multiple PCD
pathways such as necroptosis and autophagy. Phosphorylated
receptor-interacting serine/threonine protein kinase 3 (p-RIP3)
and its substrate mixed lineage kinase domain-like protein (p-
MLKL) are critical components of necroptosis with p-MLKL being
a key executioner of the process. We showed using western blot-
ting that the levels of p-RIP3 increased under all conditions of
KB2 treatment in the breast cancer cells (Fig. 5B). However, while
this correlated with an increase in p-MLKL in MDA-MB-231 cells at
24 h and 48 h of KB2 treatment, p-MLKL levels increased only in
MCF-7 cells at 24 h of KB2 treatment.

3.7. KB2 induces autophagic cell death in breast cancer cells

When the MCF-7 and MDA-MB-231 breast cancer cells were
treated with KB2 we observed what appeared to be autophagic
vesicles (Fig. 6A). During autophagy, LC3I, the cytosolic form of
the microtubule-associated protein light chain 3 (LC3), is conju-
gated by phosphatidylethanolamine to form LC3II which remains
bound to the autophagosome membrane and it is widely used as
a marker of autophagy. To confirm that KB2 does indeed induce
autophagy in the breast cancer cells tested, we therefore per-
formed immunocytochemistry and western blotting with an anti-
body to LC3. Results showed that KB2 induced a time-dependent
increase in, what is presumed to be, LC3II staining (Fig. 6B) and
LC3II levels (Fig. 6C). It is important to note that in the cancer con-
text, autophagy may assist in meeting the energy demands of
established tumour cells but has also been implicated in cell death
(Hanahan and Weinberg, 2011; Su, Mei and Sinha, 2013). Indeed,
the induction of autophagy by anti-cancer drugs has been shown
to play either a pro-death or pro-survival role, depending on the
context. For example, cisplatin induced autophagy was shown to
play a pro-survival role in esophageal cancer cells (Liu et al.,
2011). On the other hand, autophagy induced by the palladacycle
AJ-5 was shown to play a pro-death role in melanoma and breast
cancer cells (Aliwaini et al., 2013, 2015). Therefore to determine
whether KB2 induced autophagy is a pro-death or pro-survival
mechanism, we measured the impact of blocking autophagy with
bafilomycin-A1 on the effect of KB2 on cell viability. The results
showed that treatment of breast cancer cells with KB2 in the pres-
ence of bafilomycin-A1 led to an increase in 35% and 33% of MCF-7
and MDA-MB-231 cell viability respectively (Fig. 6D). These results
confirmed that the autophagy induced by KB2 is a pro-cell death
mechanism. It will be interesting to further investigate the effect
of KB2-induced autophagy on KB2-induced apoptosis and necrop-
tosis as well as the effect of activating autophagy alone, by for
example LiCl treatment, on MCF-7 and MDA-MB-231 cell viability.

4. Conclusion

From these results we concluded that KB2 exhibits anti-cancer
activity against ER+ and TN breast cancer cells by inducing oxida-
tive stress and DNA double strand breaks which lead to cell cycle
arrests and programmed cell death by extrinsic and intrinsic apop-
totic pathways, necroptosis and autophagy (Fig. 7). The ability of
KB2 to activate more than one mode of programmed cell death
suggests that breast cancer cells are less likely to develop resis-
tance to it. These results warrant further investigation of the
anti-cancer activity and cytotoxicity of KB2 in an in vivo animal
model.
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