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Abstract: Breast cancer is the most common cancer among women. Epidemiologists estimate that
over 2.3 million new cases of breast cancer are diagnosed worldwide each year. Natural compounds
represent promising molecules for the development of antitumor drugs, among them lignans show
significant antiproliferative effects against breast cancer cells. The goal of the study was to analyse
the antiproliferative effects of lignan honokiol on MCF7 breast cancer cells, find synergistic combi-
nations of honokiol with 2-deoxyglucose, and evaluate the effects of the combinations found on cells
in hypoxia. The antiproliferative effects of the compounds were evaluated by the MTT test, and
protein expression analysis was performed by immunoblotting. Honokiol inhibited MCEF7 cell
growth with an ICso value of 19.7 uM. Synergistic combinations of honokiol with the glycolysis in-
hibitor 2-deoxyglucose were detected - the compounds at low doses caused significant suppression
of MCF?7 cell growth. The established combinations of compounds inhibited HIF-1a expression and
were effective in hypoxia, considered as the leading factor of chemotherapeutic resistance. Oestro-
gen receptor alpha (ERa) is the main growth driver of hormone-dependent breast tumours.
Honokiol combined with 2-deoxyglucose reduced ERa expression in MCF7 cells, and expression of
the hormone-dependent protein GREB1 was also downregulated. Honokiol at a concentration of 15
puM in combination with 6 mM 2-deoxyglucose induced the cleavage of PARP (a marker of apopto-
sis) in MCF7 cells after 48 hours of incubation. The cells treated with the combination of honokiol
and 2-deoxyglucose revealed a decrease in the expression of cyclin D1. Thus, honokiol represents a
promising basis for the development of antitumor agents; the combination of this natural compound
with glycolysis inhibitors can be used to reduce the applied doses.
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1. Introduction

The majority (up to 70%) of breast tumours are oestrogen-dependent. 4-Hydroxyta-
moxifen (selective ERa modulator) and later fulvestrant (selective ERa degrader) were
the standard therapeutics for ERa(+) breast cancer [1, 2]. However, tamoxifen also has
estrogen agonist activity, which may contribute to treatment failure [3]. The resistance to
both drugs develops over time through the dysregulation of the PI3K/AKT/mTOR path-
way that cross-talks with ERa-mediated signalling [4, 5]. At the moment, there are differ-
ent approaches to the treatment of breast cancer, and the choice of method depends on
the genotype of a particular tumour: therapy with PARP inhibitors in the presence of
BRCA1/2 and BRCAness TNBC mutations, anthracyclines, taxanes, and platinum-based
therapy and immunotherapy with monoclonal antibodies that block CTLA4, PD1 or PDL1
[6]. Natural compounds represent promising molecules for the development of antitumor
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drugs, among them lignans show significant antiproliferative effects against breast cancer
cells. Such phytocomponents and their metabolites act on metabolic pathways, which af-
fect proliferation, migration, and apoptosis in cancer cells [7].

Honokiol is a pleiotropic compound which has been isolated from Magnolia species
such as Magnolia grandiflora and Magnolia obovata [8]. According to the data obtained,
honokiol exhibits a wide range of anticancer activity in various types of tumour cells, in-
cluding breast cancer. Honokiol blocks the cell cycle, inhibits epithelial-mesenchymal
transition through the suppression of mesenchymal markers and activation of epithelial
markers and suppression of tumour cell migration. Induction of anti-angiogenesis activity
(by suppression of vascular endothelial growth factor (VEGFR) and vascular endothelial
growth factor (VEGF)) has been noted. The combined use with paclitaxel showed the syn-
ergism of these substances in the induction of apoptosis [9]. By the side, honokiol partici-
pates in many metabolic processes, while having many positive effects, such as neuropro-
tective, antispasmodic, antithrombotic, and other properties [8].

Increased glucose uptake may represent an important regulatory point in maintain-
ing the growth and synthetic activity of malignant cells and suppressing apoptosis [10].
2-Deoxy-D-glucose (2-deoxyglucose, 2-DG, 2-DOG), a glucose analogue, targets glucose
metabolism, resulting in energy depletion in tumour cells [11]. Thus, breast cancer cells,
after 2-DG treatment, express higher levels of the Glutl transporter due to inhibition of
glucose metabolism and accumulation of oxidative stress [10]. As stress intensifies, N-
linked glycosylation is suppressed, autophagy and apoptosis processes (induction of
caspase 3 activity and poly(ADP-ribose) polymerase cleavage) are triggered, and cell pro-
liferation is inhibited [10, 11]. All this speaks of the potentially positive effect of 2-DG on
cancer cells and the possibility of using it in combinatorial therapy, along with other
drugs, to prevent spontaneous resistance to 2-DG [12]. The goal of the study was to ana-
lyse the antiproliferative effects of lignan honokiol on MCF?7 breast cancer cells, find syn-
ergistic combinations of honokiol with 2-deoxyglucose, and evaluate the effects of the
combinations found on cells in hypoxia.

2. Materials and Methods
2.1. Reagents and Cells

2-Deoxyglucose and honokiol (Figure 1a) were purchased from Cayman Chemical
Company; honokiol was dissolved in DMSO (AppliChem) and then the solutions were
stored at -70 °C, while 2-DG was solubilised in water from a milli-Q water system imme-
diately before the experiments. MCF7 breast cancer cell line (HTB-22) was obtained from
ATCC collection. The MCF7 cells were maintained in DMEM medium (PanEco) with 10%
fetal bovine serum (HyClone) at 37 °C, 5% COz, and 80-85% humidity (NuAire CO: incu-
bator). A two-gas incubator system (Binder) was used to model hypoxia (atmosphere con-
taining 1% oxygen).

2.2. Evaluation of cell viability

The antiproliferative activity of honokiol, 2-DG, and their combination was assessed
by the MTT test [13] as described earlier in [14]. Absorbance was measured at 571 nm with
a MultiScan reader (ThermoFisher). The half-maximal inhibitory concentrations (ICso)
were determined with GraphPad Prism.

2.3. Immunoblotting

Immunoblotting with modifications was held as described earlier in [15]. HIF-1a, CA
IX, PCNA, ERa, GREB], cyclin D1, and cleaved PARP expression was evaluated using
Cell Signaling Technology (CST) antibodies. To analyse HIF-1a, CA IX, and PCNA ex-
pression, the samples were sonicated as indicated in [16]. GAPDH antibodies (CST) were
used as a loading control. The detection was performed using secondary antibodies to
rabbit Ig conjugated with horseradish peroxidase (Jackson ImmunoResearch) and
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ImageQuant LAS 4000 imager (GE Healthcare), as described in Mruk and Cheng’s proto-
col [17].

2.4. Statistical analysis

Data are presented as mean values and standard deviation (mean + std. deviation).
Student's t-test (GraphPad Prism 9) at p<0.05 was considered to indicate a statistically sig-
nificant result.

3. Results and Discussion

MCEF7 breast cancer cells were treated with honokiol and 2-DG for 72 hours, and then
cell survival was evaluated by the MTT assay. As shown in Figure 1b, honokiol at a con-
centration of 6.2 uM caused a slight inhibition of MCF?7 cell growth. Increasing the con-
centration of honokiol caused significant inhibition of MCF?7 cell growth. Less than 10%
of cells were detected as viable after treatment with honokiol at a concentration of 50 uM;
the ICs0 value was 19.7 pM for this lignan. 2-DG showed activity at the millimolar concen-
tration range, the growth of MCF?7 cells was inhibited by this treatment at a concentration
of 1.6 mM and above; the ICso value was 6.2 mM (Figure 1c). The subsequent experiment
was performed to analyse the effect exerted by the compounds in combination. As pre-
sented in Figure 1d, significant synergism of honokiol and 2-DG was found.
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Figure 1. (a) Magnolia obovata (Magnolia hypoleuca) as a source of honokiol. (b) Antiproliferative ac-
tivity of honokiol and (c) 2-deoxyglucose. (d) Drug combination study of honokiol and 2-deoxyglu-
cose.The MCF7 cells were treated with 12 uM honokiol, 6 mM 2-deoxyglucose, or their combination.
The cell viability was assessed by the MTT assay. *- p<0.05 versus control, #- p<0.05 versus single-
agent treatment.

When tumour growth is rapid, oxygen and nutrient deficiency occurs [18]. Hypoxia
is characteristic of most solid neoplasms [19]. The following experiments were performed
in an atmosphere containing 1% oxygen, this is consistent with the hypoxia that occurs in
solid tumours. In hypoxic cells, activation of various signalling pathways that support
adaptation to this stress is observed. HIF-1a is the main factor activated by hypoxia in
cells. As shown in Figure 2a, there was a significant accumulation of HIF-1a protein in
MCEF?7 cells under hypoxia. 2-DG caused a decrease in the expression level of HIF-1a. The
greatest suppression of HIF-1a expression was detected when MCF7 cells were treated
with 2-DG in combination with honokiol. CA IX belongs to the proteins whose expression
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increases significantly upon HIF-1a activation. CA IX expression was found to be un-
changed in MCF7 cells in hypoxic conditions. We found no increase in CA IX expression;
the combination of 2-DG and honokiol did not affect the expression of this protein. Inter-
estingly, a greater activation of CA IX in hypoxia is seen in triple negative cancers, this
may be due to their high aggressiveness. Giittler et al. showed that contrary to triple neg-
ative MDA-MB-231 cells, a hypoxia-induced increase in CA IX activity was lacking in
MCEF7 luminal breast cancer cells [20].

Proliferating Cell Nuclear Antigen (PCNA) is a nuclear nonhistone protein that is
necessary for DNA synthesis and is an accessory protein for DNA polymerase o [21].
PCNA belongs to the group of proliferation markers. Short-term incubation of cells with
the combination of honokiol and 2-DG did not alter PCNA expression. Thus, in this series
of experiments, we found selective inhibition of HIF-1a expression by honokiol combined

with 2-DG.
a b
MCF7 cells, 7-hour incubation MCF7 cells, 48-hour incubation
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Figure 2. Inmunoblotting analysis of signalling pathways in MCF?7 cells treated with honokiol com-
bined with 2-deoxyglucose (2-DG). The MCF7 were treated with the compounds and then subjected
to hypoxia for the indicated periods, (a) — 7 hours and (b) — 48 hours, norm — normoxia (21% O2).

Subsequent experiments were performed to analyse the effect of the combination of
honokiol and 2-DG on the expression of cell cycle regulators and apoptosis markers.
MCEF7 cells in hypoxia were treated with honokiol in combination with 2-DG for 48 hours,
and then protein expression levels were assessed by immunoblotting. Oestrogen receptor
a is considered a major driver of the growth of hormone-dependent tumour cells. Oestro-
gens activate ERa and thus affect the expression of a number of proliferation regulator
genes [22]. As shown in Figure 2b, the combination of honokiol and 2-DG decreased ERa
expression. The active oestrogen receptor o penetrates into the cell nucleus where it reg-
ulates gene transcription. The expression level of such oestrogen-dependent genes can be
used to assess the ability of a compound to inhibit ERa. In particular, such genes include
GREB1 (Growth regulation by estrogen in breast cancer 1).  Laviolette et al identified
GREB1 as a highly oestrogen-upregulated gene in tumours from an oestrogen-responsive
mouse model of ovarian cancer [23]. GREB1 expression correlates with ERa positivity in
breast cancer cell lines and primary breast tumours, and GREB1 is induced by ERa bind-
ing to estrogen response elements (EREs) upstream of the GREB1 promoter. A significant
level of GREB1 expression was detected in MCF7 cells, which indirectly indicates high
ERa activity. Combination of honokiol with 2-DG blocked GREB1 expression, interest-
ingly, honokiol even at submicromolar concentration reduced the expression of this pro-
tein. In MCF7 cells treated with a combination of 15 uM honokiol and 6 mM 2-DG, GREB1
expression was almost undetectable. This suggests a high anti-estrogenic potency of the
drug combination tested. The effect of the combination of honokiol and 2-DG on the cell
cycle regulator protein cyclin D1 was also analysed. A dose-dependent suppression of the
expression of this marker in MCF7 cells was revealed. Induction of apoptosis leads to ac-
tivation of various enzymes; increased expression of cleaved PARP is considered a proven
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marker of this type of cell death. As shown in Figure 2b, the combination of honokiol with
2-DG caused a significant accumulation of cleaved PARP. Thus, here we have described
the high antiproliferative potency of honokiol combined with 2-deoxyglucose. The ability
of the selected combination to inhibit key signalling pathways in MCF7 breast cancer cells
was observed. The combination of honokiol with 2-deoxyglucose is of great interest for
development, especially such approaches will be of concern for solid neoplasms with
large hypoxic regions.
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