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Abstract: Betulin (BT) is a natural pentacyclic lupane-type triterpene exhibiting anticancer activity.
Betulin derivatives bearing propynoyloxy and phosphate groups were prepared in an effort to
improve the availability and efficacy of the drug. In this study, a comparative assessment of the
in vitro anticancer activity of betulin and its four derivatives was carried out using two human
breast cancer cell lines: SK-BR-3 and MCF-7. In both studied cell lines, 30-diethoxyphosphoryl-28-
propynoylbetulin (compound 4) turned out to be the most powerful inhibitor of growth and inducer
of cellular death. Detailed examination of that derivative pertained to the mechanisms underlying
its anticancer action. Treatment with compound 4 decreased DNA synthesis and up-regulated
leWAFl /Cipl MRNA and protein levels in both cell lines. On the other hand, that derivative caused
a significant increase in cell death, as evidenced by increased lactate dehydrogenase (LDH) release
and ethidium homodimer uptake. Shortly after the compound addition, an increased generation
of reactive oxygen species and loss of mitochondrial membrane potential were detected. The
activation of caspase-3 and fragmentation of genomic DNA suggested an apoptotic type of cell death.
However, analysis of cellular morphology did not reveal any nuclear features typical of apoptosis.
Despite necrosis-like morphology, dead cells exhibited activation of the cascade of caspases. These
observations have led to the conclusion that compound 4 pushed cells to undergo a form of necrotic-
like regulated cell demise.

Keywords: betulin; cytotoxicity; apoptosis; regulated necrosis; breast cancer

1. Introduction

Pentacyclic lupane-type triterpenes are an interesting class of naturally occurring
substances with a wide range of biological properties. Amidst them, betulin (BT) and be-
tulinic acid (BA) represent two of the most extensively studied molecules, exhibiting broad
anticancer activity among others [1]. Betulin (lup-20(29)-ene-3f3,28-diol) is a triterpenoid
widely distributed in plants that is particularly abundant in the outer bark of birch trees
(up to 30% of dry weight) [2]. This raw material is readily available as a waste by-product
in the wood industry, whereby BT can be extracted on a large scale. BT has been shown to
exert cytotoxicity against some human neoplastic cell lines derived from cervical (HeLa),
liver (HepG2, SK-HEP-1), lung (A549), and breast (MCF-7) cancers, as well as melanoma
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(G361), colorectal carcinoma (HCT116, HT29), and prostate tumor (PC-3) [3-6]. Interest-
ingly, Rzeski et al. [1] reported that primary cultures of various neoplastic cells were more
sensitive to BT treatment than established tumor cell lines. The anticancer activity of BA,
a product of BT oxidation, has been proven in several studies, using both in vitro and
animal models [7,8]. There is a growing body of evidence that the anticancer action of both
substances is mediated mainly via apoptosis induction [9,10].

Programmed cell death, such as apoptosis, plays a crucial role in the maintenance of
tissue homeostasis, ensuring a balance between cell proliferation and loss [11]. Apoptosis is
manifested by characteristic morphological changes, such as cell shrinkage, condensation
of chromatin, and nuclear fragmentation. Biochemical changes include the activation of a
cascade of caspases, which are a group of cysteine proteases responsible for the execution
of cellular death. Other biochemical modifications are internucleosomal DNA fragmen-
tation, phosphatidylserine translocation to the outer leaflet of the plasma membrane,
poly(ADP-ribose) polymerase (PARP) cleavage, protein cross-linking, and the peroxidation
of membrane lipids [12,13]. Apoptotic cells retain their plasma membrane integrity rela-
tively long, preventing the release of cytoplasmic contents into the surrounding tissue and
induction of inflammatory response. There are two main pathways of apoptosis induction:
extrinsic and intrinsic. The extrinsic pathway is initiated by the activation of death receptors
by appropriate ligands, e.g., FasL, TNF-«, and Apo2L. Then, a death-inducing signaling
complex is formed, resulting in the activation of caspase-8, which initiates the activation
of the caspase cascade. Mitochondria play a crucial role in switching on the intrinsic
apoptotic pathway. Proapoptotic stimuli cause a rapid increase in the permeability of the
mitochondrial membrane, resulting in the release of proapoptotic factors: cytochrome c,
Smac/DIABLO, HtrA2/Omi, AIF (apoptosis-inducing factor), and endonuclease G (En-
doG). The first three proteins are involved in the activation of the caspase cascade, wherein
caspase-9 and caspase-3 occupy key positions [14]. Active caspases cleave a variety of
intracellular proteins, leading to their inactivation or activation. The best-known examples
are PARP, nuclear lamins, inhibitor of CAD (ICAD), Bcl-2, DNA-dependent protein kinase,
protein kinase Cb, p21-activated kinase 2 (PAK2), gelsolin, and nuclear protein NuMA.
On the other hand, AIF and EndoG function in a caspase-independent manner and can
execute apoptotic changes in cells that lack caspase-3, such as the MCF-7 cell line [15].
Traditionally, necrotic cell death was considered as an uncontrolled and accidental process,
which is extremely different from apoptosis. However, actually, this point of view seems
to be obsolete, as there are numerous evidences that necrosis can be a strictly regulated
process. In fact, a plethora of types of regulated necrosis has been described so far. They
can be triggered by diverse pathophysiological stimuli and various intracellular mecha-
nisms have been shown to mediate death signals. Among the best studied, such activating
phenomena are mitochondrial permeability transition, PARP1 hyperactivation, inhibition
of the Cys/Glu antiporter, necrosome (a protein complex containing activated RIPK1 and
RIPK3 kinases) formation, as well as NAD* and ATP depletion, oxidative stress, and Ca?t
overload [16]. The existence of an apoptosis—necrosis continuum, a biochemical network
common for both apoptosis and necrosis processes, has been postulated [13]. Some factors,
disturbing intracellular metabolic or signaling pathways, can shift an ongoing apoptotic
process into necrosis [17]. On the other hand, numerous agents traditionally linked with
necrosis can lead to an apoptotic phenotype [18]. A lot of stimuli have the ability to lead to a
concomitant induction of apoptosis and necrotic-like cellular death in various populations
of cells, both in vitro and in vivo [13,18,19].

Both betulin and betulinic acid seem to trigger the intrinsic pathway of apoptosis with
cytochrome c release and subsequent caspase-9 and -3 activation [3,19]. Mitochondrial
membrane permeabilization and reactive oxygen species generation were two events of
crucial importance for cell death regulation. Cell pretreatment with blockers of the mito-
chondrial permeability transition pore or antioxidants suppressed apoptosis induced by BT
and BA. The role of the Bcl-2 family of proteins in mitochondria permeabilization, in cells
treated with BT and BA, remains unclear [10,19]. On the other hand, some authors [20,21]
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reported that BA induced an alternative caspase-independent cell death program in HeLa
and Jurkat cell lines. However, precise molecular pathways as well as morphological
features of that caspase-independent cell demise remain to be identified. Chemical modifi-
cations of the basic BT molecule led to the synthesis of several derivatives with enhanced
cytotoxicity [22-26]. Some of them were demonstrated to induce cancer cell apoptosis via
activation of the mitochondrial death pathway [27-29]. Therefore, it can be assumed that
the disturbance of mitochondrial homoeostasis constitutes an important mechanism of
anticancer activity of this whole class of substances.

Previously, we have shown that substitution of the hydroxyl group at the C28 po-
sition of BT with a propynoyloxy function results in a significant augmentation of cyto-
toxicity [4,30]. Subsequently, we developed a series of betulin derivatives bearing both
propynoyloxy and phosphate groups (Figure 1).
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Figure 1. Chemical structure of betulin (1) and its four derivatives (2-5).

The introduction of a phosphate group to a drug substance molecule may be aimed at
transforming it into a prodrug form, thus improving various properties, such as bioavail-
ability and solubility [31]. On the other hand, the presence of a dialkylphosphate sub-
stituent may positively influence the pharmacological activity of the compounds and may
even broaden the spectrum of biological activity of the obtained derivatives. Studies on
dialkylphosphate derivatives of non-steroidal anti-inflammatory drugs, such as sulindac,
aspirin, ibuprofen, and flurbiprofen, have shown their anticancer effects [32,33].

The aim of the present study was to evaluate the in vitro cytotoxic activity of several
acetylenic derivatives of betulin and betulin phosphates toward two human breast cancer
cell lines. Additionally, mechanisms underlying cytotoxic effects of the most active sub-
stance were analyzed in detail. Our studies included measurement of cell proliferation
indices, p21WAF1/CiP1 gene expression, loss of mitochondrial membrane potential, oxida-
tive stress, and plasma membrane integrity, as well as examination of cellular morphology
and apoptotic response.
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2. Results
2.1. Synthesis of Betulin Derivatives (2-5)

The synthesis of derivatives 2—4 as well as the first stage of the synthesis of compound
5 have been described in the earlier works of our team [25,34-36]. Due to the fact that
in preliminary studies, derivatives with the phosphate group showed promising cytotox-
icity, we decided to conduct a wider study. To assess the effect of substitutions in the
betulin molecule on the activity of the tested derivatives, we additionally synthesized
compound 5 (Figure 1. The chemical structure of compound 5 was confirmed by analysis
by spectroscopic methods, and the results are included in the Supplementary Materials
(Figures 51-S5).

2.2. Assessment of Cell Proliferation

A comparative assessment of the antiproliferative activity of betulin and its four
derivatives was carried out on two breast cancer cell lines, using sulforhodamine B (SRB)
staining. Cell density was determined after the 3-day incubation period; results were
expressed as ICs( values (compound concentration causing 50% of the maximum inhibitory
effect) and are listed in Table 1. Generally, SK-BR-3 cells seem to be more sensitive both
to unmodified and modified betulin, as all the ICsy values were lower than for MCF-7
cells. Substitution of the C-28 hydroxyl group of the parent substance with a propynoyloxy
function (compound 2) improved the compound cytostatic efficacy in the SK-BR-3 cell
line. However, the MCF-7 cell line proved to be highly resistant to 28-propynoylbetulin
(2), and for that substance, it was not possible to calculate ICsp. The introduction of
a diethoxyphosphoryl group at the C3 position (compound 3) led to slightly increased
antiproliferative effects, but MCF-7 cells still remained substantially resistant. However,
position replacement of these functional groups (compound 5) yielded a molecule with
a bit higher activity in relation to both cell lines compared to the original substance. 30-
diethoxyphosphoryl-28-propynoylbetulin (4) demonstrated the strongest activity among
studied betulins, achieving the lowest ICs( values.

Table 1. Growth inhibition efficiency (ICsg) of betulin (1) and its derivatives on two breast cancer cell
lines after treatment for 72h; table shows arithmetic means =4 SD.

ICs¢ (uM)
Compound
SK-BR-3 MCF7
1 793 £ 1.05 13.26 £ 0.75
2 3.83 £0.34 n.d.
3 2.89 £ 0.56 n.d.
4 2.12 £ 0.59 5.34 £0.03
5 3.49 £0.32 12.88 + 0.96

In order to define if the decreased cell density, revealed by SRB staining, was the
consequence of reduced cell divisions, bromodeoxyuridine (BrdU) incorporation assay
was carried out. BrdU, a structural analog of thymidine, is incorporated into the newly
synthesized DNA during the S phase of the cell cycle. To identify substances capable of
rapid blocking of the cell cycle, cells were exposed to betulins for a relatively short 24 h
period, and the highest concentrations were eliminated to avoid acute toxicity. As shown in
Figure 2, all betulin derivatives reduced somewhat the DNA synthesis rate in SK-BR-3 cells,
with compound 4 being the most effective. MCF-7 cells turned out to be more resistant. In
that cell line, only compounds 3 and 4 significantly reduced DNA synthesis at the highest
concentration used.
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Figure 2. Effect of 24 h exposure to betulin and its derivatives on bromodeoxyuridine (BrdU)
incorporation in SK-BR-3 (a) and MCF-7 (b) cells; the results are shown as mean £ SD; * p < 0.05
compared with control.

2.3. Analysis of Cell Death

The leakage of LDH into culture medium was used as an indicator of cell death, as
the last one results in loss of plasma membrane integrity. Based on the results of the
above described studies, we chose betulins concentrations that are able to exert noticeable
cytotoxic effects. As shown in Figure 3a, 24 h treatment with all drugs, except 10 pM
compound 5, caused some LDH release in SK-BR-3 cell cultures. The statistical analysis re-
vealed significant differences (compared to control) in cultures treated with all compounds.
Compounds 2-4 caused significant LDH release at both applied concentrations. It is worth
noting that 28-propynoylbetulin (2) and 30-diethoxyphosphoryl-28-propynoylbetulin (4)
were the most cytotoxic agents. Generally, MCF-7 cells response to the tested substances
was markedly weaker, as amounts of the released enzyme were lower (Figure 3b). An
interesting difference was seen in cell response to 28-propynoylbetulin (2). In SK-BR-3 cell
cultures, it induced the highest rate of LDH release (23.8%), whereas MCE-7 cells appeared
to be almost completely insensitive to that substance. The greatest loss of MCF-7 cells
viability occurred after treatment with compound 4.
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Figure 3. Effect of 24 h exposure to betulin and its derivatives on LDH release from SK-BR-3 (a) and
MCEF-7 (b) cells; the results are shown as percentage of maximal LDH release induced by cell lysis;
each bar represents the mean + SD; * p < 0.05 compared with control.

In order to determine the relationship between reduced cell viability and activa-
tion of programmed cell death mechanisms, an effect of betulins on internucleosomal
DNA fragmentation was analyzed. As shown in Figure 4a, treatment for 24 h with all
studied compounds induced significant DNA fragmentation in the SK-BR-3 cell line. Com-
pounds 1 and 5 caused moderate increases only at the higher concentration. The remaining
compounds led to significant chromatin fragmentation at both applied concentrations.
Interestingly, DNA degradation caused by the compound 4 seems to be much stronger at
lower 10 uM concentration compared with 30 uM. Presumably, it is a consequence of the
rapid progression of necrotic phenomena, including disintegration of the cell membrane.
Most probably, the increased permeability of the cell membranes resulted in the release of
DNA fragments to culture medium, making them inaccessible for the assay. MCF-7 cells
were again more resistant to betulins. Moderate DNA fragmentation resulted from treat-
ment with 30 uM compound 2 (Figure 4b). Substance 4 induced considerable disintegration
of the genetic material, especially at lower 10 tM concentration.
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Figure 4. Determination of DNA fragmentation in SK-BR-3 (a) and MCF-7 (b) cells; cells were
incubated with betulin and its derivatives for 24 h; cytosolic DNA /histone complexes were measured
by ELISA; results are expressed as fold change over control; each bar represents the mean + SD;
* p < 0.05 compared with control.

2.4. 30-diethoxyphosphoryl-28-propynoylbetulin Induces P21VAFV/CiPl iy RNA and
Protein Expression

In view of the above described results from comparative studies, it appears that intro-
duction of the diethyl phosphate group at the C-30 position of betulin and the propynoyl
group at the C-28 position resulted in substance (4) able to efficiently inhibit proliferation
and induce cell death in two breast cancer cell lines. Therefore, 30-diethoxyphosphoryl-
28-propynoylbetulin (4) was selected to the in-depth research of mechanisms underlying
its anticancer activity. First, the effect of compound 4 on P21WAFI/CiP1 expression, an
important regulator of the cell cycle progression, was studied. As shown in Figure 5a,b,
compound 4 in a dose-dependent manner increased the P21WAF1/CiPl mRNA level, relative
to control cultures (expression in control is equivalent to 1). In SK-BR-3 cells treated with
concentration of 10 uM, transcript amount was increased even up to 8.37-fold, compared
to control. In MCF-7 cells, the P21WAFI/CiP1 transcript level was significantly elevated after
treatment with the derivative 4 at concentrations of 3 and 10 uM. The results presented
in Figure 5¢,d show that P21 protein concentrations roughly followed the same pattern as
P21WAFL/Cipl transcript levels. Generally, MCF-7 cells presented more modest responses to
the tested substance both at the mRNA and protein level.
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Figure 5. Effect of 6 h exposure to betulin and its derivatives on p21 mRNA (a,b) and protein (c,d) expression in SK-BR-3
(a,c) and MCEF-7 (b,d) cell lines; each bar represents the mean =+ SE (a,b) or SD (c,d); mRNA levels are expressed as fold
change over control; * p < 0.05 compared with control.

2.5. 30-diethoxyphosphoryl-28-propynoylbetulin Causes an Early Damage of
Mitochondrial Function

Tetramethylrhodamine methyl ester (TMRM) is a cationic fluorescent stain, which
accumulates in mitochondria proportionally to their negative transmembrane potential.
The incubation of cells with healthy mitochondria with TMRM results in their strong
red—orange fluorescence (Figure 6a,b). As shown in Figure 6¢,d,f,h,jk, the incubation of
SK-BR-3 cells with compound 4 resulted in the rapid disappearance of red fluorescence,
especially in cells treated with a 30 uM dose. As early as 3 h after exposure to the compound,
mitochondria were depolarized in a substantial number of cells. Cell treatment with the
higher concentration for 6 h resulted in a dissipation of mitochondrial membrane potential
in almost all cells. Generally, MCF-7 cells seemed somewhat more resistant, as 3 h treatment
with 10 uM compound 4 was not sufficient to depolarize mitochondria in that cell line
(data not shown).
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85.5%

Figure 6. Effect of compound 4 on the mitochondrial membrane potential: control SK-BR-3 cells
(a); control MCF-7 cells (b); SK-BR-3 cells treated with 10 pM compound 4 for 3 h (c); SK-BR-3 cells
treated with 30 uM compound 4 for 3 h (d); SK-BR-3 cells treated with 10 uM compound 4 for 6 h (f);
SK-BR-3 cells treated with 30 uM compound 4 for 6 h (h); MCF-7 cells treated with 10 uM compound
4 for 6 h (j); MCF-7 cells treated with 30 uM compound 4 for 6 h (k); numbers indicate percentage of
TMRM positive cells determined by flow cytometry; phase-contrast photomicrograph of cells treated
with compound 4: SK-BR-3 cells treated with 30 uM compound 4 for 3 h (e); SK-BR-3 cells treated
with 10 uM compound 4 for 6 h (g); SK-BR-3 cells treated with 30 uM compound 4 for 6 h (i); MCF-7
cells treated with 30 uM compound 4 for 6 h (1).
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2.6. 30-diethoxyphosphoryl-28-propynoylbetulin Increases Caspase-3 Activity

As the MCEF-7 cell line lacks a functional caspase-3 protein, this study was done on
SK-BR-3 cells only. Compound 4 significantly increased enzyme activity, especially at a
concentration of 30 uM (Figure 7a), which enlarged the studied parameter by six-fold. This
observation suggested again the strong proapoptotic activity of the tested substance.
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Figure 7. Effect of 6 h exposure to compound 4 on caspase-3 activity in the SK-BR-3 cell line (a); effect of compound 4 on
ROS generation in SK-BR-3 cells (b); effect of compound 4 on ROS generation in the MCF-7 cell line (c); each bar represents
the mean + SD; * p < 0.05 compared with control.

2.7. Intracellular Production of Reactive Oxidative Species

DCFDA, a redox-sensitive fluorescent probe, is easily taken up by human cells and
deacetylated by cellular esterases. The resulting 2’,7’-dichlorodihydrofluorescein is retained
intracellularly and oxidized by ROS into 2’,7’-dichlorofluorescein (DCF), which is a highly
fluorescent substance. Treatment of both our cell lines with 1 mM HyO, (positive control)
resulted in a strong induction of DCF fluorescence. However, 30 min incubation with
compound 4 exerted quite diverse effects on ROS production in each cell line. As shown in
Figure 7c, both doses of compound 4 caused the slight but statistically significant increase
in ROS production in MCF-7 cells. A rapid induction of free radicals formation could be
grounds for the subsequent depolarization of mitochondria mediated via activation of the
mitochondrial permeability transition pore (MPTP). Surprisingly, free radicals levels in SK-
BR-3 cells were substantially reduced after incubation with the tested substance (Figure 7b).
The same pattern of ROS production was noticed at various periods of incubation with
compound 4, ranging from 15 min to 3 h.

2.8. Morphological Analysis of Cells Treated with 30-diethoxyphosphoryl-28-propynoylbetulin

Taking into account increased apoptotic indices (DNA fragmentation, caspase-3 ac-
tivity), we evaluated in detail morphological changes of cell nuclei. Analysis of cell
morphology is one of the most important methods to identify apoptotic cell death. The
use of fluorescent DNA intercalating dyes, such as acridine orange, enables visualization
of the cell nucleus and observation of morphological changes characteristic of apoptosis.
Untreated SK-BR-3 and MCEF-7 cells stained with acridine orange presented mainly in-
terphase nuclei with relaxed chromatin (Figure 8a,f). Additionally, acid vesicles such as
lysosomes with red fluorescence were visible. As shown in Figure 8e, treatment of the
SK-BR-3 cell line with 20 mM sodium butyrate (positive control) induced typical morpho-
logical features of apoptosis, including chromatin condensation, nuclear shrinkage, and
ultimately fragmentation of the nucleus into highly packed spherical parts. Finally, late
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apoptotic cells disintegrated into numerous fragments. Surprisingly, treatment with cyto-
toxic concentrations of compound 4 yielded very low number of cells with the apoptotic
morphology. As can be seen in Figure 6e,g,i 1, treated cells detached from a substratum
quickly become swollen, and big, transparent bubbles were formed, suggesting a necrotic
mode of cell death.

Figure 8. Morphology of SK-BR-3 cells stained with acridine orange: control cells (a); cells treated
with 10 pM compound 4 for 24 h (b); cells treated with 30 uM compound 4 for 6 h (c); cells treated
with 30 pM compound 4 for 24 h (d); cells treated with 20 mM sodium butyrate (positive control) (e);

morphology of MCF-7 cells stained with acridine orange: control cells (f); cells treated with 10 pM
compound 4 for 24 h (g); cells treated with 30 uM compound 4 for 24 h (h); effect of compound 4
(30 uM, 24 h) on SK-BR-3 cell viability assessed using the Live/Dead Viability /Cytotoxicity Kit (i).
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Nuclei of SK-BR-3 cells stained with acridine orange after 6 h treatment with 30 uM
compound 4 presented two variants of morphological changes: some of them were dis-
tended and weakly stained, whereas others were rather shrunken and condensed (Figure
8c). After a 24 h treatment period, distended nuclei seemed almost completely degraded,
whereas condensed nuclei appeared largely unchanged. In numerous cells, green clumps
scattered in the cytoplasm were visible (Figure 8d). The morphology of some cells with
these clumps somewhat resembled apoptosis. Staining of cells with the Live/Dead Via-
bility /Cytotoxicity Kit revealed the same kinds of morphological changes in dead cells
absorbing ethidium homodimer-1 (Figure 8i). However, there were no clumps in the
cytoplasm or clumps exhibiting green fluorescence (originating from calcein). It means
that clumps did not contain nuclear chromatin, but they were composed of cytoplasmic
structures (e.g., clusters of mitochondria). Treatment with 10 uM compound 4 resulted
in similar morphological changes, but their rate was much lower (Figure 8b). The MCE-7
cell line responded clearly slower to compound 4, but after the 24 h treatment period,
cells become detached and swollen with distended, weakly stained nuclei (Figure 8g,h).
The above described observations of cellular morphology indicate a necrotic rather than
apoptotic form of cell death. The labeling of treated SK-BR-3 cells with SR-VAD-FMK, the
broad-spectrum fluorescent caspase inhibitor, revealed the extensive activation of caspases.
After treatment with 30 uM compound 4 for 6 h, the majority of cells were positively labeled
(Figure 9a). Simultaneously, cells demonstrated green fluorescence of SYTOX Green, indi-
cating diminished viability and a leaky cellular membrane (Figure 9b). Most importantly,
active caspases were detected in numerous floating cells without apoptotic morphology of
the nucleus. Frequently, these cells demonstrated distended nuclei with loose chromatin.
These observations evidence that in numerous SK-BR-3 cells, activation of the cascade of
caspases preceded necrotic-like cell death. Only occasional staining (usually connected
with the apoptotic morphology) was seen in control cultures. The above-described observa-
tions suggest that, in breast cancer cell lines, 30-diethoxyphosphoryl-28-propynoylbetulin
induced some form of regulated necrosis.

Figure 9. Imaging of active caspases in SK-BR-3 cell line treated with 30 uM compound 4 for 6 h, using an Image-iT™
LIVE Red Poly Caspases Detection Kit: active caspases visualized using FLICA reagent (FAM-VAD-FMK poly caspases
reagent) (a); dead cells permeable to SYTOX Green nucleic acid stain (b); the same area as in the previous photographs seen

in phase-contrast microscopy (c).

3. Discussion

Breast cancer is one of the most common invasive cancers all over the world. The
causes of breast cancer are not yet fully known, although a number of risk factors have
been identified. The International Agency for Research on Cancer of the World Health Or-
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ganization presented a report based on the GLOBOCAN (The Global Cancer Observatory)
database estimating breast cancer occurrence on 2.1 million new cases and 626,000 deaths
worldwide in 2018. In female patients, it is the most frequently diagnosed cancer in the
majority of evaluated countries and also the leading cause of cancer-related death in over
100 countries [37,38]. The main factors related with increased risk of female breast cancer
are especially: older age, inherited genetic mutations for breast cancer (BRCA1 and/or
BRCAZ2), atypical hyperplasia history, high endogenous estrogen or testosterone levels,
mammographically dense breast, family history of cancer, tall adult height, early menarche
and late menopause, late age at first full-term pregnancy, obesity, recent and long-term use
of menopausal hormone therapy containing estrogen and progestin, never breastfeeding,
high bone mineral density in postmenopausal women, diethylstilbestrol exposure, and
consumption of alcohol [39-43].

One of the most characteristic features of the cancer cell is resistance to apoptosis,
determining both tumor ability to grow and resistance to treatment. Diminished apoptosis
in breast cancer often results from dysregulation of the BCL-2 family of proteins, which
regulates the permeability of the mitochondrial outer membrane [44]. For example, the
Mcl-1 protein is frequently overexpressed in breast tumors, and it has been found to
correlate with a bad prognosis [45]. On the other hand, the induction of apoptosis is a
pivotal mechanism of action of numerous anticancer agents, determining the effectiveness
of therapy. There are several reports describing the modifications of betulin molecule,
resulting in derivatives with pronounced apoptotic activity. 3,28-di-(2-nitroxy-acetyl)-oxy-
betulin induced apoptosis of the hepatocellular carcinoma Huh?7 cell line, as a consequence
of the mitochondrial pathway activation [46]. Betulin esters containing lysine and ornithine
side chains (at C-28) efficiently induced apoptosis in the epidermoid squamous carcinoma
A-431 cell line [47], as well as the melanoma Me-45 cell line [24]. Majeed et al. [48] found out
that treatment of both leukemia and breast cancer cells with 3(1N(5-hydroxy-naphth-1yl)-
1H-1,2,3-triazol-4yl)methyloxy betulinic acid resulted in the growth arrest and apoptosis.
Cell death was proceeded by inhibition of the phosphatidylinositol-3 kinase pathway;,
decrease in the ratio of Bcl-2/Bax expression, generation of reactive oxygen species (ROS),
dissipation of the mitochondrial membrane potential, and ultimately activation of the
cascade of caspases. Introduction of a propynoyl motif at the C-28 position of betulin
molecule enhanced its proapoptotic activity against the endometrial adenocarcinoma
Ishikawa cell line [29] and malignant melanoma G-361 cells [4].

In this study, we found that 28-propynoylbetulin quite efficiently induced growth
arrest and cell death in the SK-BR-3 cell line, but MCE-7 cells were substantially insensi-
tive to that substance. A variable susceptibility of cells to that compound was reported
previously [49] with T47D and MCF-7 breast cancer cell lines relatively insensitive. How-
ever, the insertion of an additional phosphate group at the C-30 position resulted in the
compound displaying augmented cytotoxic activity against both cell lines used in our
study. On one hand, reduced DNA synthesis and increased P21 gene expression suggest
that impaired cell growth could be a result of blockade of the cell cycle and stopped cell
divisions. On the other hand, increased LDH release and ethidium homodimer uptake
indicate substantial cell death induction. Genomic DNA fragmentation and caspase-3
activation imply apoptosis as a predominant mode of cell death. Surprisingly, cells with
typical apoptotic morphology were almost absent in cultures treated with cytotoxic con-
centrations of 30-diethoxyphosphoryl-28-propynoylbetulin. Rello et al. [50] demonstrated
that cells subjected to necrotic treatments quickly developed numerous plasma membrane
evaginations due to the loss of control of water influx through the plasma membrane.
Then, these evaginations merged, forming a big, single bubble that ultimately detached
from the cell surface. Cell nuclei underwent a uniform condensation of chromatin, leading
to shrunken pyknotic nuclei. Soriano et al. [51] reported two types of necrotic nuclear
morphology after the exposure of HeLa cells to photodynamic treatment. Some cells
showed the small nucleus with highly and rather uniformly condensed chromatin, whereas
other cells presented “spotted” nuclei with condensed chromatin granules. Other authors
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found that cell necrosis led to the swelling of cell nuclei [52-54]. Similarly, Pseudomonas
aeruginosa-induced oncosis was characterized by swollen nuclei with dispersed chro-
matin and cell disintegration [55]. In this study, treatment of breast cancer cells with
30-diethoxyphosphoryl-28-propynoylbetulin caused morphological changes typical for
necrotic stimuli. We observed cell swelling, the formation of giant vesicles from the plasma
membrane, uniform condensation of chromatin, or contrary swelling of cell nuclei followed
by their disintegration. These phenomena were preceded by collapse of the mitochondrial
membrane potential and activation of caspase-3. Mitochondrial dysfunctions, such as the
mitochondrial membrane permeability transition (MPT), disruption of the mitochondrial
transmembrane potential, and cessation of oxidative phosphorylation have been identi-
fied as common events occurring at the early stage of both apoptotic and necrotic cell
demise [56,57]. The ultimate mode of cell death seems to be determined by intracellular
ATP level [17,58]. ATP depletion guides cells to necrotic death in response to signals induc-
ing apoptosis at higher energy supply. Apoptosis includes several energy-dependent steps
such as caspase-9 activation, active nuclear transport and chromatin condensation [59-61].
In some experimental models, the inactivation of caspases resulted in a shift from apoptotic
to necrotic-like mode of cell death, which is characterized by the lack of nuclear apoptotic
events [56,62]. Interestingly, cell necrosis is an inevitable consequence of the fully pro-
gressed apoptotic program if there are not phagocytic cells in the neighborhood. This stage
is termed “secondary necrosis” and is characterized by low ATP content and permeable cell
membrane, which can result in the release of cellular content, including DNA fragments,
to the extracellular environment [31,36].

Experiments in mouse models revealed that activated caspase-3 is necessary for chro-
matin condensation, DNA fragmentation, and nuclear breakdown [63]. On the other hand,
there are several reports showing that the MCF-7 cell line, lacking functional caspase-3,
exhibited some aspects of nuclear apoptosis [64—66]. These publications remain in agree-
ment with our observations where compound 4 caused significant DNA degradation in
MCEF-7 cells. Alternative mechanisms involving caspases-6/7 and AIF have been suggested
to operate in these cells. However, a cascade of caspases activation is not sufficient to
execute apoptosis. Some physiological processes, such as erythrocyte, monocyte or lens
fiber cell terminal differentiation, as well as the stimulation and proliferation of T lympho-
cytes, have been demonstrated to involve turning on caspases [67,68]. Concomitantly, in
some studies, caspases were activated and necessary for the induction of necrotic-like cell
death [17,18,69]. It has been postulated that a sudden and massive permeability transition
impairing substantially cellular metabolism before enzymatic digestion of appropriate
nuclear and cytoplasmic substrates results in cell necrosis. If mitochondrial failure oc-
curs in the more sluggish mode and the activation of proper enzymes takes place before
ATP depletion, apoptosis can ensue [56]. Oxidative stress is a well-known factor that is
able to induce apoptosis through the mitochondrial pathway [69]. Mitochondria contain
numerous targets of ROS, and their oxidative modifications can trigger MPTP opening,
organelle osmotic swelling, rupture of the outer membrane, and the release of cytochrome
c. It has been shown that betulin induced an apoptosis of Jurkat cells involved in ROS
generation [10]. Similarly, betulinic acid caused disruption of the mitochondrial potential
followed by the hyperproduction of ROS in the neuroblastoma SH-EP cell line [9]. In
the present study, an increased level of oxidative stress was detected in MCF-7 cells as
early as 15 min after the compound 4 addition. It means that enhanced ROS generation
occurred before depolarization of the mitochondrial membrane. The latter was noticeable
approximately at 2 h incubation. Therefore, the observed increase in DCFDA oxidation
could not be the result of a direct reaction with cytochrome c released from mitochondria
to cytoplasm [70]. ROS are considered important intracellular signaling mediators that
are involved in the regulation of various processes including cell cycle progression, cell
motility, and induction of cell death [71,72]. Surprisingly, compound 4 rapidly decreased
DCFDA oxidation in the SK-BR-3 cell line, suggesting lowered ROS generation, although
in some studies, a reduction of ROS production preceding apoptosis was observed [72,73].
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It has been postulated that the alteration of ROS level, whether an increase or decrease,
may lead to activation of the stress response that ultimately ends in cell death.

4. Materials and Methods
4.1. Materials

Betulin (1) was purchased from Sigma Aldrich (Poznan, Polska) (98% purity). All
betulin derivatives were synthesized in Department of Organic Chemistry, Faculty of
Pharmaceutical Sciences in Sosnowiec, SUM. Structures of both the parent compound
and derivatives are summarized in Figure 1. Compound 2 was a result of reaction of
betulin with propynoic acid. To obtain the phosphate betulins (compounds 3-5), respective
monoacetate derivatives of betulin or 3,28-O,0-diacetyl-30-hydroxybetulin were used,
concomitantly with diethyl chlorophosphate. Products, after the hydrolysis of protective
acetyl groups, were reacted with propynoic acid to obtain respective acetylenic derivatives
(Figure 10). Crude reaction products were purified by the gel column chromatography and
characterized by the use of 1H- and 3C-NMR (Bruker AVANCE III HD 600, Billerica, MA,
USA, deuterated chloroform), IR (IRAffinity-1 FTIR spectrometer; Shimadzu Corporation,
Kyoto, Japan, KBr pellet), and MS analyses (Bruker Impact II, Billerica, MA, USA). The fol-
lowing compounds were synthesized: 28-propynoylbetulin (2) [25]; 3-diethoxyphosphoryl-
28-propynoylbetulin (3) [35]; 30-diethoxyphosphoryl-28-propynoylbetulin (4) [34]; and
28-diethoxyphosphorylbetulin (5A) [36]. Spectroscopic (*H, 1*C, and 3'P NMR) and melt-
ing point data for compounds 2—4 were consistent with the literature values.

M.

Q
[A] OCC=CH
HO
[D]
0
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Figure 10. Synthesis pathways of betulin derivatives (2-5), used reagents and reaction conditions. A: propiolic acid,
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), CH,Cl,, —10 °C—r. t. [25]; B: (i) acetic anhydride
{(CH3CO),0}, pyridine, CH,Cl,, r. t. (ii) diethylchlorophosphate {(EtO),P(O)Cl}, DMAP, pyridine, r. t. (iii) NaOH,
tetrahydrofuran (THF), H,O, methanol, r. t. (iv) propiolic acid, DCC, DMAP, CH,Cl,, —10 °C—. t. [35]; C: (i) (CH3CO),0,
pyridine, CH,Cl,, r. t. (ii) m-chloroperbenzoic acid (m-CPBA), CHCls, reflux. (iii) (EtO),P(O)Cl, DMAP, pyridine, r. t.
(iv) NaOH, THE, H,O, methanol, r. t. (v) propiolic acid, DCC, DMAP, CH,Cl,, —10 °C—. t. [34] D: (EtO),P(O)Cl, DMAP,
THE, r. t. [36]; E: propiolic acid, DCC, DMAP, CH,Cl,, —10 °C—. t.
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Before biological testing, stock solutions were prepared immediately before use by
dissolving test substances in dimethyl sulfoxide (DMSO; Sigma Aldrich, Poznar, Polska) at
concentration of 20 mM. Working solutions were prepared by the dilution of stock solutions
with culture medium. The final concentration range of tested agents was 0.01-30 uM. The
final DMSO concentration in culture media was adjusted to 0.2%.

Synthesis of 28-diethoxyphosphoryl-3-propynoylbetulin (5)

The mixture of 28-diethoxyphosporylbetulin 5A (0.58 g, 1.0 mmol) and 1.1 mmol of
propiolic acid in dichloromethane (3.0 mL) was cooled to —10 °C with an ice/salt bath.
Then, a solution of DCC (0.22 g, 1.12 mmol) and DMAP (N,N-dimethylaminopyridine;
0.005 g, 0.04 mmol) in dichloromethane (1.2 mL) was gradually added in three portions
(Figure 10). The reaction was carried out under an inert gas (argon) atmosphere for 24 h.
The progress of the reaction was monitored by TLC (S5iO;, hexane/ethyl acetate, 3: 2 v/v).
After completion of the reaction, the volatile components were evaporated under reduced
pressure. The residue was purified by column chromatography (SiO,, hexane/ethyl acetate,
3:20/v).

Yield: 36%, m. p. 189-191 °C.

TLC (hexane: ethyl acetate, 3:2, v/v): Rf = 0.17.

'H-NMR (600 MHz, CDCl3) & (ppm): 0.81 (m, 1H, H-5), 0.87 (s, 3H, CH3), 0.89 (s, 3H,
CH3), 0.91 (s, 3H, CH3), 1.01 (s, 3H, CH3), 1.05 (s, 3H, CH3z), 1.39 (m, 6H, 2x OCH,CH3),
1.70 (s, 3H, CH3), 2.38 (m, 1H, H-19), 2.88 (s, 1H, C=CH), 3.77 (dd, ] = 10.8, 1H, H-28), 4.14
(m, 4H, 2x OCH,CH3), 4.21 (dd, ] = 10.8, 1H, H-28), 4.61 (d, ]= 1.8 Hz, 1H, H-29), 4.62 (m,
1H, H-3), 4.70 (d, J= 1.8 Hz, 1H, H-29).

13C-NMR (150 MHz, CDCl3) § (ppm): 14.7; 16.0; 16.1; 16.2 (OCH,CH3); 16.5; 18.1; 19.1;
20.8;23.5; 25.1; 26.9; 27.9; 29.2; 29.5; 34.1; 37.0; 37.6; 37.9; 38.3; 40.9; 42.7; 47.2; 47.7; 48.6; 50.2;
55.4; 63.7 (OCH,CH3); 66.0 (d, JCP=6 Hz, C-28)); 74.1 (HC=C); 75.1 (HC=C); 83.7; 109.9;
150.0; 152.8 (C(O)).

3P NMR (243 MHz, CDCl3) & (ppm): —0.16.

IR (KBr, cm 1) v: 2103 (C=CH), 1718 (C=0), 1267 (P=0), 1025 (P-O-C).

HR MS (APCI) m/z: C37H5306P [(M-H)-], Calc. 629.3971; Found 629.3964.

4.2. Cell Cultures

Human breast cancer cell lines used in this research were purchased from the American
Type Culture Collection. MCF-7 cells (ATCC® HTB-22™) were cultured in EMEM (Eagle’s
Minimum Essential Medium; Sigma Aldrich, Poznan, Polska) supplemented with 10%
fetal bovine serum, 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
Thermo Fisher Scientific, Waltham, MA, USA), 0.01 mg/mL insulin, 1 mM sodium pyruvate,
1x MEM-non essential amino acids, 100 U/mL penicillin, and 100 pg/mL streptomycin
(all from Sigma Aldrich, Poznan, Polska). The SK-BR-3 (ATCC® HTB-30™) cell line was
grown in McCoy’s 5a medium (Sigma Aldrich, Poznan, Polska) containing 10% fetal bovine
serum, 20 mM HEPES, 100 U/mL penicillin, and 100 pg/mL streptomycin. The cells were
maintained at 37 °C in a humidified atmosphere containing 5% CO,.

4.3. Sulforhodamine B (SRB) Assay

In Vitro Toxicology Assay Kit, Sulforhodamine B Based (Sigma-Aldrich, Poznan,
Polska) was used to evaluate cellular growth. Cells were seeded in 96-well plates at an
initial density of 3 x 10 cells per well in 200 L of culture medium. Cells were allowed
to attach and grow for 1 day prior to the exposure to test reagents. Then, the media were
replaced with the working solutions, and cells were exposed to the tested substances for
72 h. At the end of the incubation period, culture media were aspirated, and cells were
fixed at 4 °C using 10% trichloroacetic acid solution, washed two times with deionized
water, and eventually stained with 0.4% sulforhodamine B (in 1.0% acetic acid). After
washing out the unincorporated stain using 1.0% acetic acid solution, the bound dye was
solubilized in 200 uL of 10 mM tris(hydroxymethyl)aminomethane solution. Absorbance
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was measured at 570 nm and 690 nm (reference wavelength) using the MRX Revelation
plate reader (Dynex Technologies, Chantilly, VA, USA).

4.4. Determination of DNA Synthesis

The rate of DNA synthesis was determined by the bromodeoxyuridine (BrdU) in-
corporation assay with the use of the Cell Proliferation ELISA, BrdU (colorimetric) kit
(Roche, Basel, Switzerland). Cells were plated in 96-well plates at a density of 5 x 103 cells
per well in 100 pL of culture medium and cultured for 24 h to allow cell adhesion. Then,
the media were replaced with the working solutions of tested substances, and cells were
incubated for the next 24 h. BrdU (final concentration 10 uM) was added to culture media
after 12 h of incubation with tested substances, and incubation was continued for the
next 12 h. Then, media were removed, and 200 uL of FixDenat was added to the wells
to fix the cells and denature DNA. The amount of BrdU retained in cells was determined
immunoenzymatically according to producer’s instruction. Absorbance was measured at
450 nm and 690 nm (reference wavelength).

4.5. Cytotoxicity Assays

Release of lactate dehydrogenase (LDH) was determined to evaluate cellular death by
means of the In Vitro Toxicology Assay Kit, Lactate Dehydrogenase Based (Sigma Aldrich,
Poznan, Polska). Cells were plated and cultured as described above for DNA synthesis
assay. To some wells, culture media without cells were added (background control). In
selected wells of each plate, cells were lysed prior to the assay to determine maximal LDH
release (high control). Wells with untreated cells were used as the low control of the assay.
LDH activity in media was assessed according to the manufacturer’s instruction. The
absorbance was measured at wavelengths of 490 nm and 690 nm (background) and the
percentage of liberated enzyme was calculated for cells growing in the presence of betulin
derivatives according to the formula:

Cytotoxicity [%] = (AT — AL/Apg — Ar) * 100

where Ar—absorbance of treated wells; A —low control; Agy—high control (maximal
LDH release).

Dead cells were visualized using the Live/Dead Viability / Cytotoxicity Kit (Thermo
Fisher Scientific, Waltham, MA, USA) containing two fluorescent dyes: calcein AM, which
produces green fluorescence in living cells (after conversion to polyanionic calcein inside
the cell) and ethidium homodimer-1 conferring red fluorescence to dead cells. Cells were
cultured in 24-well tissue culture plates, treated with the compound 4 for 24 h, stained
according to the manufacturer’s protocol, observed under a fluorescence microscope
(Nikon Eclipse TS-100F, NIKON, Tokyo, Japan), and photographed using a Nikon DS-Fil
digital camera.

4.6. DNA Fragmentation Assay

Internucleosomal fragmentation of genomic DNA was determined by means of the
Cell Death Detection ELISAPLUS kit (Roche, Basel, Switzerland). This method relies on
immunoenzymatic detection of DNA fragments in the cytoplasmic cell fraction. Cells were
plated and cultured as described above for DNA synthesis assay. At the end of the 24 h
incubation period, plates were centrifuged (200x g; 10 min), media were removed, and
cells were lysed for 30 min at room temperature. Then, lysates were spun (200x g; 10 min)
and 20 pL of supernatant (cytoplasmic fraction) was moved to the streptavidin-coated
96-well plate. The sandwich ELISA assay was carried out according to the manufacturer’s
protocol. Absorbance was measured at 405 nm and 490 nm (reference wavelength) and
enrichment of mono and oligonucleosomes released into the cytoplasm was calculated:

EF = Ag/Ac 1)
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where Ag is the absorbance of the sample, Ac is the absorbance of control, and EF is the
enrichment factor.

4.7. Gene and Protein Expression

Cells were plated into tissue culture dishes (21.5 cm?) at an initial density of
1 x 106 cells/dish. Cells were allowed to attach and grow for 72 h prior to exposure to
the test substance. Total RNA was isolated using the GeneMATRIX Universal Purifica-
tion Kit (EURy) together with the on-column DNase digestion. The RNA concentration
was assessed fluorometrically by means of the Quant-iT™ RiboGreen® RNA Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The reverse transcription and amplification
reactions were done on 10 ng of RNA, in a single step reaction with specific primers, using
the TaqMan® RNA-to-CT™ 1-Step Kit (Thermo Fisher Scientific, Waltham, MA, USA).
Analysis of mRNA expression levels for p21"WAFI/CiPl was done using a commercially
available, pre-validated set of primers and fluorescent, FAM (6-carboxyfluorescein)-labeled
probe, purchased from Thermo Fisher Scientific (Waltham, MA, USA): Hs99999142_m1.
Expression levels were normalized with TBP (Hs99999910_m1) as a reference gene. Ampli-
fication was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA).

The level of p21WAFI/GPL protein in cell lysates was determined by means of the
ELISA technique. At the end of incubation with the selected betulin derivative, cells
were washed with cold PBS (phosphate buffered saline, pH 7.4), scraped, and centrifuged
(400x g; 10 min; 4 °C). The pellet was lysed on ice in the cell extraction buffer supplemented
with protease inhibitor cocktail and PMSF (phenylmethylsulfonyl fluoride) (both from
Sigma-Aldrich, Poznan, Polska). Lysates were clarified by centrifugation (13,000 rpm;
10 min; 4 °C) and stored at —80 °C until analysis. Concentration of the p21"WAF1/Cipl
protein was determined using the p21"WAF1/CiP1 Total ELISA Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Results were normalized relative to the total cellular protein content,
which was determined using Bradford method [74].

4.8. Assessment of Mitochondrial Membrane Potential

To visualize changes in the transmembrane potential of mitochondria using fluores-
cence microscopy, cells were seeded into 24-well tissue culture plates with glass bottoms
(Wuxi NEST Biotechnology) at an initial density of 10° cells/well in 1 mL of the appropriate
medium. Cells were allowed to attach and grow for 48 h prior to treatment. Then, culture
media were replaced with the working solutions of tested compounds. At selected time
points, tetramethylrhodamine methyl ester (TMRM; Sigma Aldrich, Poznan, Polska), a
fluorescent cationic dye accumulating in mitochondria in a potential-dependent manner,
was added to culture media (final concentration 100 nM), and plates were placed in the
CO; incubator for 30 min. Stained cells were observed under the fluorescence microscope
and photographed. For cytometric analysis, cells were seeded into tissue culture dishes and
cultured for 48 h prior to treatment. After treatment for 3 h and 6 h, cells were incubated
with TMRM, detached using trypsin/EDTA (ethylenediamine tetraacetic acid) solution,
resuspended in PBS, and analyzed using a flow cytometer (FACS Ariall, Becton Dickinson,
San Jose, CA, USA).

4.9. Caspase-3 Activity Assay

Activity of caspase-3 was measured using the Colorimetric Caspase-3 Assay Kit
(Sigma-Aldrich, Poznan, Polska). Cell culture and treatment were done as described in
the preceding section (Gene and Protein Expression). Cells were incubated with betulin
derivative for 6 h and then scraped on ice in culture medium, pelleted by centrifugation
(400x g; 10 min; 4 °C), and washed with ice-cold PBS. Subsequently, cells were lysed
by incubation in lysis buffer on ice for 20 min. Lysates were clarified by centrifugation
(16,000 g; 10 min; 4 °C) and stored at —80 °C until assayed. Enzyme activity was deter-
mined in 96-well plates using Ac-DEVD-pNA as substrate. Plates with reaction mixtures
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were incubated at 37 °C, and the amount of p-nitroaniline (pNA) liberated was determined
spectrophotometrically at 405 nm. A specific caspase-3 inhibitor (Ac-DEVD-CHO) was
added to the reaction mixture in separate control wells to reveal a non-specific cleavage of
the substrate. Differences of absorbance between inhibited and uninhibited wells (for each
cell lysate) were calculated, and pNA concentrations were obtained from a standard curve.
Caspase-3 activity was expressed relative to cellular protein content, which was determined
using the Bradford method [74]. Dying cells, with active caspases, were visualized using an
Image-iT™ LIVE Red Poly Caspases Detection Kit (Thermo Fisher Scientific, Waltham, MA,
USA). This method uses a broad-spectrum fluorescent caspase inhibitor (SR-VAD-FMK)
for the detection of activated cascade of caspases. Plasma membrane integrity and nuclear
morphology were analyzed using SYTOX Green, a live cell impermeable nucleic acid stain.
Then, 24-well plates with stained cells were centrifuged (200 x g; 10 min), staining solutions
were removed, and cells were washed with PBS. Then, plates were centrifuged again, PBS
was removed, and cells were fed with 1 mL of fresh medium. Then, cells were observed
under the fluorescence microscope and photographed.

4.10. Measurement of the Production of Reactive Oxygen Species

To measure generalized intracellular oxidative stress, 2/ 7'-dichlorofluorescin diacetate,
a cell permeable fluorescent probe (DCFDA; Sigma Aldrich, Poznan, Polska), was used [75].
Cells were plated into black 96-well microplates (5 x 103 cells/well) and cultured in
standard conditions for 48 h. Subsequently, media were removed, cells were washed with
HBSS (Hank’s Balanced Salt Solution) and incubated in 100 uL. of DCFDA solution (100 uM
in HBSS) for 30 min, in the CO;, incubator. Then, cells were washed with HBSS and treated
with the tested substance dissolved in HBSS (100 pL/well) for up to 60 min. Fluorescence
emission was measured at a wavelength of 535 nm after excitation at 485 nm using the
Triad LT Multimode Reader (Dynex Technologies, Chantilly, VA, USA).

4.11. Acridine Orange Staining

Vital staining of cells with acridine orange was used for visualization of the mor-
phological changes of cell nuclei. In particular, the condensation and marginalization of
chromatin as well as fragmentation of nuclei, typical manifestations of apoptosis, were
looked for. Cell cultures were prepared as described above for TMRM staining. At se-
lected time points, cells were stained with acridine orange (final concentration 5 pg/mL),
observed under the fluorescence microscope, and photographed.

4.12. Statistical Analysis

PCR efficiency and Cq values were determined by means of LinRegPCR software [76].
Calculations of relative gene expression levels as well as statistical analysis were done using
the REST 2009 [77]. All the remaining results were analyzed using a one-way ANOVA
followed by a Tukey post hoc test. When the assumptions of ANOVA were not met, a non-
parametric Kruskal-Wallis test was applied. A p value of <0.05 was considered statistically
significant. Analysis was performed using Statistica 13.1 software (StatSoft, Tulsa, Okay,
USA). IC5q values were calculated using GraphPad Prism 8 (GraphPad Software Inc., San
Diego, CA, USA).

5. Conclusions

In conclusion, 30-diethoxyphosphoryl-28-propynoylbetulin proved to be a potent
cytotoxic agent against SK-BR-3 and MCF-7 breast cancer cell lines. Inhibition of cell
growth was found to be associated with an up-regulation of p21WAF1/CiP1 gene expression.
Decrease in cell viability was preceded by alterations of the ROS level and loss of the
mitochondrial membrane potential. DNA fragmentation and activation of caspase-3 (in
SK-BR-3 cells) indicated the possibility of triggering apoptotic mechanisms. However,
cells treated with compound 4 failed to display apoptotic nuclear morphology, which was
represented by chromatin condensation and karyorrhexis. The necrotic-like cell death mode
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could possibly result from the fast disturbance of mitochondrial function and deficiency of
energy. Cell death through necrosis is believed to be more immunogenic than cell demise
through apoptosis [78]. It leads to the release of inflammatory stimuli and recruitment of
a distinct set of immune cells. Therefore, the mode of cancer cell killing is a factor of big
importance for the breaking of immune tolerance to tumor antigens and, as a consequence,
the effectiveness of therapy.

Supplementary Materials: The following are available online, Figures S1-S3: Nuclear Magnetic
Resonance spectra for compound 5 (Figure S1. 1H NMR (600 MHz, CDCl3; Figure S2. 13C NMR (243
MHz, CDCl3; Figure S3. 31p NMR, (150 MHz, CDCly); Figure S4: IR spectrum for compound 5 (KBr
pellet); Figure S5: HR MS, compound 5.
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