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Ziziphus Spina-Christi (L.) (ZSC) is a traditional Arabian medicinal plant used to treat inflamma-
tory symptoms, swellings and pain since long. Triple negative breast cancer (TNBC) is a form of cancer with
a poor prognosis owing to the paucity of therapy alternatives. Two of the most critical pathways of TNBC
development are Wnt/p-catenin signaling and autophagy. In the present study, we intended to identify the pos-
sible mechanisms of the cytotoxic effects mediated by ZSC extract on MDA-MB-231 breast cancer cells and
to improve the efficacy of DOX in combination with ZSC. The MTT test was used to estimate cell viability and
IC,, values. Apoptosis was detected using AnnexinV-FITC detection kit. ELISA was used to measure caspase-3
levels. Cell cycle and the level of autophagosome marker LC3-11 were analysed using flow cytometry. Acidic
vesicular organelle (AVOs) formation was observed by fluorescence microscopy. Real-time PCR was used to
monitor changes in gene expression of -catenin and autophagic adapter NBR1. It was shown that ZSC treat-
ment dose-dependently inhibited MDA-MB-231 cell viability and induced apoptosis with accompanying eleva-
tion of caspase-3 level. Besides ZSC caused a significant elevation in LC3II level and downregulation of NBR1
gene expression with subsequent downregulation of p-catenin gene expression, indicating the inhibition of
the oncogenic Wnt pathway. ZSC and DOX combination had synergistic cytotoxic effect by more effective sup-
pression of Wnt pathway and induction of apoptosis and autosis.

Keywords: Ziziphus Spina-Christi, DOX, breast cancer cells, Wnt/B-catenin signaling, apoptosis, au-
tophagic adapter NBR1, autophagosome marker LC3-II.

T riple negative breast cancer (TNBC) is a
unique form of breast cancer with a poor
prognosis owing to its aggressive biologi-
cal activity and paucity of therapy alternatives [1].
TNBC patients do not express the estrogen receptor
(ER), progesterone receptor (PR) as well as the hu-
man epidermal growth factor receptor 2 (HER2) [2]
Accordingly, chemotherapy with doxorubicin (DOX)
is now the most prevalent treatment for TNBC [3].
Due to acute and chronic DOX-induced toxicities
such as myelosuppression, immunosuppression,
and dose-cumulative cardiotoxicity, DOX has a low
therapeutic index, and its clinical applicability is
limited [4]. Resistance to anticancer drugs, particu-

larly doxorubicin, is still a leading cause of chemo-
therapy failure in cancer patients [5]. One of the pro-
cesses implicated in drug resistance’s intricate and
multifaceted nature is the activation of proliferation
and survival signaling pathways [1].

The Wnt signaling pathway has developed to
perform a number of roles in normal development
and physiology. It affects cell fate, differentiation,
proliferation, and stem cell pluripotency, among
other biological processes [6]. The pathway dysfunc-
tion has also been found to be a crucial pathway in
a variety of malignancies, including TNBC [7]. Ul-
timately, that pathway stimulation in some tumors
and its relation to chemotherapy resistance is an

List of abbreviations: AO — acridine-orange; AVOs — Acid vascular organelle; DOX — Doxorubicin; ER — Estrogen
receptor; HER2 — The human epidermal growth factor receptor 2; LC3 — Microtubule-associated protein 1A/1B-light
chain 3; MTT - 4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide; Nbrl — Neighbor of BRCAL; PBS — Phos-
phate buffer solution; PI — Pidium iodide; PR — Progesterone receptor; SL — Sidr Leaves; TNBC — Triple negative breast
cancer; ZSC — Ziziphus Spina-Christi (L.).
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intriguing topic that has gotten a lot of interest in
recent years [8]. In TNBC, it boosts cancer progres-
sion, differentiation, and metastasis by promoting
cell survival, proliferation, and stem-like behavior
[9]. This encourages the cytoplasmic accumula-
tion of S-catenin, the main Wnt signaling mediator.
The buildup and translocation of S-catenin to the
nucleus increases the transcription of a variety of
downstream oncogenes [10]. Notably, Wnt signaling
interacts with a variety of signaling pathways,
including autophagy, which is involved in drug re-
sistance induction [11]

Autophagy is a multi-step mechanism in which
damaged cytosolic content is trapped in a double-
layered membrane, transferred to the lysosome for
breakdown, and digested to generate energy and
construct the foundation for cell survival [12]. Au-
tophagy dysfunction has been linked to a number
of clinical conditions, including cancer. It’s usually
recognized as a two—edged sword, with opposing
functions in tumor suppression and growth stimu-
lation [13]. Autophagy inhibits tumorigenesis in its
early stages. In advanced stages of cancer, however,
it gives stress tolerance and therapeutic resistance
[2].

Importantly, Wnt signaling and autophagy
appear to be negatively proportionate, with Wnt
signaling inhibition resulting in autophagy activa-
tion in colorectal cancer, breast cancer, multiple
myeloma, and liver cancer [14]. Both Wnt signaling
and autophagy are essential in TNBC, and each has
been identified as a promising therapeutic target [15].
Subsequently, the establishment of consistent targets
can facilitate the creation of more effective and less
toxic treatments.

Medicinal herbs and their phyto-compound
derivatives are increasingly being identified as ef-
fective cancer treatment and/or preventative agents
[16]. Zizphus spina-christi (L.) (ZSC), popularly
known as Sidr, is a Rhamnaceae botanical fami-
ly multipurpose plant [17]. It is a traditional Ara-
bian medicinal herb, has been used by Egyptians
(Bedouin and Nubian) to treat inflammatory symp-
toms and swellings, pain, and heat since long [18].
Phytochemical analysis revealed ZSC contains a
range of bioactive components, including essential
oils such as geranyl acetate, methyl palmitate, and
methyl stearate, alkaloids like spinanine-A, tan-
nins, phytosterols e.g. beta-sitosterol, flavonoids —
for example quercetin derivatives, saponins such
as betulinic acid, and triterpenoid sapogenins [19].

The antibacterial, anticancer, anti-inflammatory,
antihypertensive, hepatoprotective, antidiabetic,
antioxidant, and anti-obesity properties of ZSC are
enhanced by these bioactive substances [18, 19]. As
a result, natural ZSC extracts may hold promise as
an adjuvant treatment for TNBC prevention or treat-
ment. Consequently, combination therapy with ZSC,
a very successful innovative non-toxic drug that can
reduce chemotherapy doses and control novel meta-
bolic targets, is also being sought.

Indeed, understanding the pathways involved
in cancer cell proliferation and resistance could
lead to new treatment options [20]. Therefore, in the
present study, we intended to identify the possible
cytotoxic mechanisms mediated by ZSC extract on
MDA-MB-231 breast cancer cells. Meanwhile, this
study attempted to improve the efficacy of DOX by
combining it with ZSC via targeting the interaction
between apoptosis, autophagy and Wnt pathway.

Materials and Methods

Reagents and Chemicals. MTT, 4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide
(AO), and propidium iodide (PI) were acquired from
Sigma-Aldrich (Sigma-Aldrich Co., USA). Tocris
Bioscience provided the doxorubicin (DOX) (Ellis-
ville, MO, USA).

Plant materials and preparation of the metha-
nolic extracts. Sidr Leaves (SL) (Ziziphus Spina-
Christi) were found in an Egyptian botanical gar-
den. An experienced taxonomist from the Botany
Department of the Faculty of Science at Damietta
University in Egypt verified the leaves. SL were
cleaned under running water and then dried in the
oven at 40°C. An electric grinder was used to grind
the dried leaves into a fine powder. The cold mace-
ration process was developed to extract dried pow-
dered leaves. Methanol was used to soak 500 g of
powder, which was then filtered through Whatman
No. 1 filter paper after being kept in a shaking water
bath at 40°C for 8 h. The supernatant was collected
in a dark, sealed bottle and concentrated to dryness
using a rotary evaporator under low pressure and
temperature conditions before being kept in a refrig-
erator between 2 and 8°C [21]. Dilution was main-
tained until the extract concentrations were 10, 100,
200, 500, and 1000 pg/ml, respectively.

Gas chromatography-mass spectrometry (GC-
MS) analysis. A volume of 1 ul of ZSC methanol ex-
tract was loaded into the GC-MS (Model; QP 2010S,
Japan) for total ion chromatographic analysis using
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a Hamilton syringe in the split injection technique.
The retention index and morphologies of mass spec-
tra of the bioactive components in the extract were
compared using Wiley Registry of Mass Spectral
Data’s, New York (Wiley 8) and Fatty Acid Methyl
Esters Library version 1.0 (FAME library) sources
[22].

Cell culture. The American Type Culture
Collection provided MDA-MB-231 (ATCC®HTB-
26TM) (ATCC, Manassas, VA, USA). The cells were
grown at 37°C, 5% CO,, in 10% DMEM (Lanza Bio-
product, Belgium), supplemented with 10% fetal bo-
vine serum (Sera Lab, UK).

MTT assay. Cells were cultivated in a 96-well
plate overnight before being treated with a variety of
drugs at different doses. Cells were incubated with
20 L of MTT at a final concentration of 0.5 mg/1. Af-
ter 4 h, the media was discarded, and the cells were
liquidated in 20 pl DMSO per well, with the blue
dye dissolved for minutes at 37°C. The absorbance at
570 nm was then measured using a microplate reader
(BioTek, USA). The results were adjusted to the con-
trols and expressed as a percentage of viability. The
half-maximal inhibitory action on cell proliferation
(IC,,) values shows the concentration that induced
half of the maximal inhibitory activity on cell pro-
liferation.

Design of experiment. The cell line was catego-
rized into four groups as follows: untreated cells are
represented by the control group; DOX group — af-
ter being cultivated for 24 h, cells were treated with
Doxorubicin IC, (85.73 g/ml); ZSC group - after
24 h of culture, cells were treated with the IC, of
ZSC extract (243.59 g/ml); ZSC+DOX group — cells
were treated with a combination of ZSC extract and
DOX, which inhibited cell growth by 50% after 24 h
of culture.

Cell morphology. Breast cancer cell line cells
were grown overnight at 37°C in 5% CO, and then
treated or not for 24 h as stated previously. Under an
inverted microscope with amplification of 406, cell
morphology was investigated.

Transition electron microscopy (TEM). In all
groups, TEM was used to explore autophagosomes
and late autophagic compartments. To prepare for
autophagosome imaging with the JEM-1400 plus
Electron Microscope (Jeol, Tokyo, Japan), cells were
fixed, sectioned, and stained.

Combination treatments. The implication of
ZSC+DOX combined treatment was investigated
using Chou and Talalay’s (1984) technique. Serial
dilutions of the combined extract and medication
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(at their IC, ratios) were made. The MTT test was
used to estimate the growth-inhibitory activity of
various combinations. The mutually exclusive drug
equation was used to compute the combination index
(CI) values.

Analysis of cell cycle. The cells were plated in
6-well plates (5x10° cells/100 mm), cultured over-
night, and then treated in triplicate with the same
doses and controls as outlined earlier. The treat-
ments lasted 24 h, and each well was serviced in-
dividually into flow tubes. Fixation and permeabi-
lization of cells were performed for 1 hour at -20°C
with 70% cold ethanol. Two folded washing was ap-
plied on cells in cold phosphate buffer solution (PBS)
1X. For staining, a 100 g/ml solution of propidium
iodide (PI) was utilised at 37°C for forty minutes.
Cells scattering was investigated using FACSCali-
bur (Becton Dickinson), San Jose, CA, USA and Cell
Quest (Becton Dickinson) and ModiFit LT (Verity,
Top).

AnnexinV-FITC/PI staining. Apoptosis was de-
tected using the AnnexinV-FITC detection kit (Key-
GEN BIioTECH). Before being treated with medi-
cation, cells were allowed to grow in 6-well plates
and incubated for 12 h. After treatment, roughly 10°
cells were gathered and washed away twofold with
PBS. Afterwards, the cells were centrifuged and
resuspended in 300 pl of binding buffer. The cells
were then treated in the dark for 15 min at room
temperature with 5 pl of Annexin V and 2.5 pl of
PI, confirmed by flow cytometry within 1 h. A BD
FACS Calibur flow cytometer was used to measure
apoptosis, and data were calculated using BD Cell
QuestTM Pro (version 5.2) software.

Determination of caspase-3. Cancer cells
(1x10°) were seeded onto 6-well plates, then treated
for 24 h before being suspended. Caspase-3 levels
were checked according to the criteria provided by
the Human caspase-3 ELISA Kit at 450 nm (Sun
Red Biotechnology, Shanghai), using a Bio-Tek
SynergyTM HTMulti-Mode Microplate Reader.

Acidic vesicular organelles (AVOs) identifi-
cation and counting. Autophagy results in the for-
mation of acidic vesicular organelles with double
membranes (autophagosomes, AVOs), which could
be identified via certain dyes, particularly acri-
dine-orange (AO). AVOs were counted using flow
cytometry after cells were stained with AO. Cells
were grown on 6-well plates, and then treated for
24 h as stated above before being collected in tubes
and washed in PBS. The suspension was stained for
15 min with AO (1 g/ml), washed twice in PBS, sus-
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pended in PBS, and flow cytometry was performed.
The fluorescence was read using the FL2 channel
(PE) of a FACSCalibur (Becton Dickinson), which
was then analysed using FACSDiva 6.0 software.
The generation of AVOs is related to the intensity
of AO red fluorescence. AVOs were detected using a
fluorescence microscope after treating cells with AO
(1 g/ml) for 15 min.

Semi quantitative analysis of LC3 by flow cy-
tometry. Cell suspension was prepared after 24 h of
treatment as reported earlier. The MAP LC3B Ab
CUSABIO USA kit was used to determine the levels
of LC3. Cell permeabilization was achieved by slow-
ly adding ice-cold % methanol to prechilled cells.
The cells were gently vortexed to a concentration
of 90% methanol, after which they were analyzed
using the appropriate filter [23]. Quantitative detec-
tion was done by flow cytometry (Becton Dickinson,
CA, USA).

Real-time PCR analysis. For Real-time PCR
analysis, the iCycler-iQ Optical (Bio-Rad) was em-
ployed. The TRIzol method is used to extract total
RNA, which is identical to the abcam® mRNA ex-
traction protocol. A reverse-transcriptase enzyme
was synthesised utilising the technique supplied by
the HISenScriptTM RH [-] cDNA Synthesis Kit (iN-
tRON, Korea) to turn the acquired RNA into cDNA
[24, 25]. The primers listed below were used in the
experiment.

[-actin
F: 5-TGGCACCACACCTTCTACAATGAGC-3'
R: 5-GCACAGCTTCTCCTTAATGTCACGC-3’

NBR1
F:5-TCGACGCAATCTCCACCAAT-3'
R:5-GCA GGA CGT GGT TAG TGT CA-3'

[-catenin
F: 5-GATACCTCCCAAGTCCTGTATGAG-3’
R: 5-GCATCAAACTGTGTAGATGGGATC-3’

For PCR amplification, SYBR Green with low
ROXTOPrealTM qPCR 2XpreMIX was utilized
(Enzynomics, Korea). The comparative (Ct) method
(2-ACTequation) was used to assess the relative
MRNA expression levels (CT of gene of interest -
CT of housekeeping gene).

Statistical analysis. SPSS 22.0 is used for statis-
tical analysis. The quantitative variables were com-
pared using data from three different studies (trip-
licates). Yet, the results of six ELISA assays were
used in this study. The information was presented
as a mean standard deviation of the mean (SEM). To

compare the means, valid post hoc tests of analysis
of variance were used. P values less than or equal to
0.05 were considered statistically significant.

Results

Identification of bioactive compounds. Twen-
ty-five chemicals were discovered in a methanol
extract of ZSC leaves (Fig. 1, A). The presence of
the following main compounds in the extract was
responsible for its antioxidant and anti-proliferative
properties: [4H-Pyran-4-one, 2,3-dihydro-3,5-di-
hydroxy-6-methyl-] (flavonoid fraction) (Line: §),
n-Hexadecanoic acid (saturated fatty acid) (Line:
21) and [2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-
3-one] (Line: 6).

Cell proliferation analysis. Using standard
MTT assay, we first assessed the effects of therapy
on cell proliferation. The proliferation of cells de-
creased in a concentration-dependent manner after
DOX treatment (Fig. 1, B). After 24 h of treatment,
the IC, was found to be 85.73 pg/ml. Treatment with
ZSC extract showed a reduction of cellular viability
dose dependently (Fig. 1, C). The IC, values were
observed at 243.5 pg/ml after treatment for 24 h.

Monitoring of cells by inverted microscope. Af-
ter 24 h of treatment, viable cells decreased signifi-
cantly and dose-dependently, as examined with an
inverted microscope. Most cells shrank and rounded
before detaching from the culture plates (Fig. 2, A),
but viable cells decreased only slightly.

Monitoring of cells by TEM. As shown in
(Fig. 2, B), few vacuoles were observed in control
cells. Treatment with DOX, ZSC, or both enhanced
the presence of autophagosomes packed with debris.

Cell cycle kinetics. Flow cytometry analysis
of untreated TNBC cells revealed the presence of
13.3% cells in the sub G1 phase and the majority of
cells (51.2%) in the GO/G1 phase. In comparison to
the untreated control, DOX treatment caused an ac-
cumulation of cells in the sub G1 fraction (21.3%)
and cycle arrest in the GO/G1 phase (53.1%). ZSC
treatment increased cellular debris in the sub G1
phase (36.7%) and caused cell arrest in the GO/G1
phase (50.1 percent). Cells treated with ZSC+DOX
produced more cellular debris in the sub G1 phase
(43.7%) and induced cell accumulation in the G0/G1
phase (36.7%) and G2/M phase (36.7%) (13.7 per-
cent), cell cycle analysis was done on triplicated and
all changes in cell cycle phases in treated groups are
significant (P = 0.0001), compared to control group

(Fig. 3).
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Determination of apoptosis. Untreated cells
had unimpaired cells (lower left quadrant) (89.65%),
early apoptotic cells (lower right quadrant) (0.7%),
late apoptotic or necrotic cells (8.75%) (Upper right
quadrant) and primary necrotic cells (0.9%) (Up-
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per left quadrant) (Fig. 4). DOX treatment of cells
resulted in a significant shift (P = 0.0001) of cells
into the early and late apoptotic quadrants, as well
as a decrease in cells in the primary necrotic and
living quadrants. Likewise, ZSC therapy resulted
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Untreated cells ZSC+DOX

Fig. 2. The effect of treatment on cells. (A), by (TEM). (B),
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Fig. 3. A — Histographs of cell cycle distribution showing the effect of treatment in different cell cycle phases.
B — Bar graphs representing the distribution of cells in different cell cycle phases

in a 23.4% shift of cells to the late apoptotic cells Detection of caspase 3. Treatment of cells with
quadrants (P = 0.0001). After treatment with DOX, ZSC and ZSC+DOX showed a significant ele-
(ZSC+DOX), there was a 44.6% increase in late vation in caspase-3 levels (P = 0.0001) by (25.05,

apoptotic cells quadrants (P = 0.0001) compared to 20.9 and 39.26%; respectively) comparative to un-
control cells.
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parative to DOX as (b) and (c) compared to ZSC treated cells. Statistical variance was defined as significant
when P < 0.05

Table. Effect of treatment on caspase levels and the relative gene expressions of NBRI and [f-catenin in

MDA-MBA-231 cell line, the number of repetitions of the experiment (mean £ SE, n = 3)

Groups of the cell line Caspase-3 (ng/10° cell)

Relative gene
expressions of NBR1

Relative gene expressions
of f-catenin

Untreated 11.63+£0.12
DOX 14.54 + 0.012°
ZSC 14.07 £ 0.042
ZSC+DOX 16.490 £ 0.008?

6.120 +0.008 3.550 + 0.032

5.47 +0.02 2.360 + 0.0342
5.23 +0.008? 2.160 + 0.008*
4.640 +0.017 1.390 + 0.009°

Note. 2P < 0.05 considered significant comparing to untreated group

treated cells (Table). This activity could be done in
the following order: ZSC+ DOX > DOX > ZSC.
Detection of AVOs. The formation of auto-
phagolysosomal vacuoles was assessed using AVOs
staining by the fluorescent microscope (Fig. 5, A);
and the flow cytometer (Fig. 5, B). Opposed to un-
treated cells, DOX- and ZSC-treated cells had a non-
significant increase in acridine orange-positive cells
with intense red fluorescence (P = 0.09 and 0.06)
(61.7, 82.7%; respectively). Combination treatment
of ZSC+DOX caused a significant elevation in the
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bright red fluorescence compared to untreated and
DOX treated cells (P = 0.02 and 0.025; respectively).

Detection of LC3 by flow cytometry. A flow
cytometric evaluation of untreated cells grown for
24 h revealed the presence of 33.1% positive LC3
(Fig. 5, C). As opposed to untreated cells, DOX,
ZSC, and their combination raised the percentage of
positive LC3 to 53.00, 78.9, and 91.5%, respectively
(P =0.0001).

NBR1 gene expression. Treatment with DOX,
ZSC or ZSC+DOX caused a significant suppression



E. S. El-Shafey, E. S. Elsherbiny

A Untreated cells DOX +ZSC
B

§ g

] 3 'I
I o Y -
o S - %
-}
[T - -

g "7

E Y

10 100 102 10  10* 1 102 100 10
FL1-H FL1-H

(=3 o o o

3 2 3 )

- — - -

=3 o o | ‘.\':"? LC3 8
28 S S 1183% S
5 o y = . -
o v L3 e L.
o 789% | 31 5%

0 I R £ 55 e .

o o o o

3 3 2 3

© = | o + ' | o r o 7

10t 102 10°® 10* 10° 10° 1072 10t 10* 10® 10* 10° 10° 1072 10 10* 10® 10* 10° 10° 1072 10t 102 10°® 10 10° 10° 1072
FL1-H FL1-H FL1-H FL1-H
D 120 = — e — S
100 Positive LC3 cell
. ositive cells
X

80 o Acid vascular
organells (AVOs)

60

40,

20‘ .

0 I

Untreated cells DOX+ZSC
Groups

Fig. 5. Effect of treatment on autophagy. A — Fluorescence microscope image of AVOs formation. B — Flow
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of LC3 and AVOs in studied groups. Significant results are explicated comparative to untreated cells as (a),
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of NBR1 gene expression (P = 0.0001) by (10.62,
14.48 and 24.12%; respectively) (Table). ZSC+DOX
> ZSC > DOX is a possible sequence for this activity.

[-catenin gene expression. Treatment of cells
with DOX, ZSC or ZSC+DOX resulted in a stati-
cally significant downregulation of f-catenin gene
expression (P = 0.0001) by (33.52, 38.96 and 60.75%;
respectively) opposed to untreated cells (Table). This
activity could be arranged as ZSC+DOX > ZSC >
DOX.

Discussion

In TNBC patients, conventional chemothera-
py treatments are unsatisfactory, prompting the
development of novel therapeutic techniques. Doxo-
rubicin (DOX) is a TNBC chemotherapeutic drug
that works by generating free radicals, which cause
significant DNA damage, macromolecule suppres-
sion, and mitochondrial dysfunction, cytochrome ¢
release, caspase cascade stimulation, and apoptosis
induction [26, 27].

In the present study, treatment of cells with
DOX dose dependently caused a significant inhi-
bition of cellular proliferation manner. Besides, it
caused a significant accumulation of apoptotic cells
in the sub G and G0/G1 cell cycle arrest. Compared
to untreated cells, a significant elevation in caspase-3
(pro apoptotic protein) was identified, indicating
apoptotic cell death. DOX has been conveyed to trig-
ger distinct cellular signals, including the cleavage
of anti-apoptotic proteins (Bcl-2/Bax) and the acti-
vation of pro-apoptotic proteins caspase 9, which is
followed by caspase-3 cleavage and stimulation [28].
The cell then enters a point of no return, causing a
succession of downstream mediators to trigger apo-
ptosis [29, 30]. Nevertheless, the existence of various
molecular processes involved in drug resistance (e.g.,
autophagy, notch, Wnt, etc.) offers a considerable
barrier to successful therapy.

As a consequence, herbal-based therapies have
been discovered to be one of the most impressive
means to manage and/or prevent cancer [16]. This is
because of the great prevalence of complex chemi-
cal components such as alkaloids, flavonoids, terpe-
noids, saponin, and phenolic chemicals, which act
against cancer by modulating many pathways [31].
These natural chemicals are proven to be natural-
ly available, cheaper, and easier to take orally than
synthesized medications, and they have low or mini-
mum adverse effects, as well as being enriched with
numerous biologically active components [32].
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In the GC-MS spectroscopy of the ZSC metha-
nol extract, the presence of (4H-Pyran-4-one,
2,3-dihydro-3,5-dihydroxy-6-methyl-) was deter-
mined. Flavonoids have a prominent influence in
the immunoregulatory alterations that occur as can-
cer develops and progresses [33]. Additionally, the
GC-MS spectroscopy study of the extract exposed
the incidence of n-hexadecanoic acid and [2,4-Di-
hydroxy-2,5dimethyl-3(2H)-furan-3-one]. 2,4-Di-
hydroxy-2,5-dimethyl-3(2H)-furan-3one] has been
shown to have antioxidant and anti-inflammatory
characteristics [34]. Hence, [2,4-Dihydroxy-2,5-di-
methyl-3(2H)-furan-3one] has been demonstrated
to have antioxidant and anti-inflammatory activities
[35].

The cytotoxic effects of ZSC extract on cells
were investigated using the MTT test in this study.
ZSC treatment dose-dependently inhibits cell pro-
liferation. Secondly, it ensued a significant rise in
the number of cells at the apoptotic peak and cell
cycle arrest, implying apoptosis. The triggering of
apoptosis was confirmed by the substantial elevation
of caspase-3 levels. The previous observations are
in harmony with Abdoul-Azize, Abedini et al and
El Seedy et al., who illustrated that flavonoids and
fatty acids contained in Rhamanaceae plants disrupt
cell cycle as well as caspase-3 activation, which ac-
celerates the release of upstream death cascade com-
ponents such as cytochrome ¢ from mitochondria.
[36-38]. All of the evidence pointed to ZSC’s cyto-
toxic action being due to apoptosis activation. Other
molecular pathways underlying ZSC extracts’ anti-
cancer activity, though, need to be studied further.

Alternatively, DOX stimulates another signling
pathway known as autophagy (type II cell death), to
preserve mitochondrial integrity [39]. Autophagy
is mediated by an autophagy-related protein that is
highly conserved (ATG). The adaptor protein ATGS,
also known as (LC3), can recruit specific cargo to
the autophagosome via interactions with cargo re-
ceptors like (P62 and NBR1), resulting in its destruc-
tion. Therefore, NBR1 and LC3 were utilized as indi-
ces for measuring autophagic flow.

Treatment with DOX caused significant eleva-
tion of LC3 levels and downregulation of NBR1 gene
expression relative to untreated cells suggesting in-
duction of autophagy. Through its cyto-protective
mechanism, autophagy activation stimulates sur-
vival, mediated doxorubicin-induced cardiotoxicity,
and contributes to chemotherapy resistance [40]. As
a consequence, autophagy-associated resistance has
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emerged as a complicated attribute and a prospective
strategy for improving cancer treatment.

The autophagic activity of ZSC was assessed
using two autophagy modulators in this work.
ZSC caused a significant elevation in LC3 levels
and a downregulation in NBR1 gene expression,
supporting autophagy induction. This effect could
be attributed to its bioactive ingredients, such as
flavonoids, which have been discovered to have
anti-cancer properties by influencing autophagy
[41, 42]. A previous study reported that the flavo-
noid wogonin stimulates cancer cell death by sup-
pressing autophagy [43]. Nonetheless, according to
Kikuchi et al., several flavonoids have been found to
trigger cell death via inducing autophagy [44]. These
finding corroborate our hypothesis that ZSC acts as
an autophagy activator.

Chemotherapeutics’ cytotoxic activity could be
improved by decreasing cytoprotective autophagy or
promoting type Il programmed cell death [13, 45].
Autophagy is usually used to reduce anxiety, though
there is indication that it can similarly be used as
an alternate cell death mechanism if it is over-ac-
tivated [46]. Liu et al, discovered that high dosages
of autophagy-inducing peptides, nutrient depriva-
tion, and persistent brain ischemia, all of which are
autophagy-activated conditions, were found to pro-
mote a new type of autophagy-dependent cell death
[47]. This type of cellular death, known as autosis,
is marked by the appearance of distinct morphologi-
cal and biochemical characteristics, as well as a vast
cytoplasmic vacuolization accompanying autophagy
[48]. Autotic cellular death may be stimulated by
overabundance of autophagosome formation, instead
of lysosomal degradation [49].

Wnt/B-catenin signaling imbalance has been
linked to poor clinical outcomes in TNBC, while
increasing f-catenin in the nucleus improves cell
motility, colony formation, stem-like features, and
chemoresistance, according to Pohl et al. and Park et
al. [9, 50]. In this study, treatment with DOX caused
downregulation of S-catenin gene expression rela-
tive to untreated cells suggesting inhibition of Wnt
pathway. The latter result could refer to autophagy
caused by DOX. It was conveyed that, autophagy
triggering can inhibit Wnt/B-catenin signaling by
lysosomal degradation of or -catenin [11, 51]. These
findings highlight the crosstalk, synergistic, and
antagonistic effects of the Wnt/B-catenin signaling
pathway, as well as other pathways, in cancer.

ZSC induced significant downregulation of
p-catenin gene expression suggesting the inhibi-
tion of the oncogenic Wnt pathway in this study.
This activity could be modulated by flavonoids like
Quercetin, which have the ability to modulate the
Wnt/B-catenin signaling pathway and then can play
an important role in cancer prevention [52]. Thereby,
lowering f-catenin levels made cells more sensitive
to autophagy-stimulating mTOR inhibitors [53, 54].
All of the above findings indicate that ZSC mediates
its cytotoxic activity by inducing apoptosis, autosis,
and suppressing Whnt signaling pathways, making it
a promising candidate antitumor agent.

In addition, to investigate the possible syner-
gistic effect following the treatment with combina-
tions, the combination index (CI) was calculated.
The calculation of CI displayed a synergistic effect
when treated with a combination of ZSC and DOX.
Growing evidence shows that in clinical studies,
combining antitumor drugs with autophagy inhibi-
tors has more effective influence [55-57]. Previous
findings indicated that combining ZSC and DOX has
synergistic anti-tumor effect, as compared to DOX
or ZSC alone, by inhibiting the Wnt pathway and
inducing apoptosis and autosis. Our results are com-
patible with Luo et al. who reported that the combi-
nation of an autophagy inducer and Wnt inhibitor
had a substantial synergistic effect against tumor
growth than an autophagy inducer alone [55].

Conclusion. This study is the first to demon-
strate pathways that mediate the cytotoxic impact
of ZSC. In particular, a ZSC extract exhibited anti-
proliferative impact against cells through the down-
regulation of the expression of B-catenin, NBR1 and
the downregulation of caspase-3 and LC3 expression
suggesting inhibition of Wnt signaling pathway and
activation of apoptosis and autophagy. Moreover,
combination handling with DOX showed synergetic
antitumor activity and could be used to reduce DOX-
induced dose dependent dexterous effect. Further-
more, these results point to the occurrence of cross-
talk between the selected targets.
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Ziziphus  Spina-Christi (L) (ZSC) -
TpaauIiiHa apaOchka JiKapchka pOCIHHA, [0
3aBHA BUKOPHCTOBYETHCS Uil JIIKYBAaHHS 3ama-
JIeHHs1, HaOpsAKiB Ta Oomto. [loTpiliHO-HETaTUBHUHT
pak mosouHoi 3an03u (PM3) mae HecnipuaTIuBUI
MIPOrHO3 4epe3 OOMEXKEHICTh aJbTEPHATUBHUX
METOliB JIiIKyBaHHs. J[BoMa HailOimbII BU3HAYAIb-
HAMH TIIIxXaMu po3BUTKY PM3 e Wnt/B-kaTenin
CUTHaJbHMM X Ta aBTodaris. Meroro na-
HOTO JOCHTIDKEHHS Oyll0o BU3HAYUTH MOXKIIHBI
MeXaHi3MH MHUTOTOKCHYHOI Aii ekcTpakty ZSC Ha
KITHHU paky MomouyHoi 3amozn MDA-MB-231
Ta TABUIIUTH €(PEeKTUBHICTH Ail ITOKCOPYOIIIMHY
(DOX) y xomb6inamii 3 exkctpaktom ZSC. Jlms
OI[IHKHU JKUTTE3MATHOCTI KJIITHH Ta 3HAYECHb IC,,
BuKOprcTOBYBaidu MTT-TecT. ATonTo3 oiiHBaIN
3a noromoroto Habopy AnnexinV-FITC. PiBens ka-
cnasn 3 anamizyBanu metonoMm IEA. Kmitmaauit
UK Ta piBeHb Mapkepa aBtodarocom LC3-
II nmocnmimxyBanu BHUKOPHUCTOBYIOUM IPOTOUHY
HUTO(GIyOpUMETPit0. YTBOPEHHS KHUCIOTHUX BE3H-
KynsapHux opraHen (AVO) crocrepiranu 3a J0To-
MOTOI0 ()ITYOPECIIEHTHOT MIKPOCKOTIIi Ta KiJIBKICHO
BH3HAYAJIM [IPOTOYHOIO IHUTOGIyopuMeTpieto. s
MOHITOPHHTY 3MiH eKcrlpecii TeHiB [-kameHiny
ta aBrodariunoro amanrepa NBR1 BuxopuctoBy-
Basm [IJIP y peanpHomy waci. [lokazano, mo 3a-
crocyBanHs ZSC /10303aJ€KHO MPUTHIYYBAJIO
KuTTesgatHicte  kimitue  MDA-MB-231 Ta
IHIYKyBaJjo aroITo3, 0 HiATBEPAXKYEThCS 3HAU-
HAM TIiJIBUIICHHSIM piBHA Kacmasu-3. Kpim Toro,
ZSC crnpuumHsB migsumenHas piBas LC3-II Ta
3amkeHHs ekcrpecii reHa NBR1 3 mopmambrmmmm
3HWKEHHSIM eKcllpecii reHa f-xameniny, 10 BKa-
3yBaJl0 Ha MPUTHIYEHHS OHKOI'CHHOrO IJIsAXy Wnt.
3acTtocyBaHHs excTpakTy ZSC pasom 3 DOX mano
CHHEPTiYHMH LHUTOTOKCHYHUN eQeKT 3aBasiKu
OiNTbII ePEeKTUBHOMY MPUTHIYCHHIO NIIAXy Wnt Ta
IHIYKIII1 anonTo3y i aBTO3Y.
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KnwuoBi ciaosa: Ziziphus Spina-Christi,
DOX, xmiTHHH paky MOJIOYHOI 3ayo3u, Wnt/B-
KaTCHIH CUTHAILHUN IUISAX, aTIONTO3, aBTOhariaHui
amantep NBR1, mapkep aBrodarocom LC3-II.

References

1. Lainetti PF, Leis-Filho AF, Laufer-Amorim R,
Battazza A, Fonseca-Alves CE. Mechanisms of
Resistance to Chemotherapy in Breast Cancer
and Possible Targets in Drug Delivery Systems.
Pharmaceutics. 2020; 12(12): 1193.

2. Abdel-Mohsen MA, Abdel Malak CA, El-
Shafey ES. Influence of copper (I) nicotinate
complex and autophagy modulation on
doxorubicin-induced cytotoxicity in HCC1806
breast cancer cells. Adv Med Sci. 2019; 64(1):
202-200.

3. Chowdhury P, Ghosh U, Samanta K, Jaggi M,
Chauhan SC, Yallapu MM. Bioactive
nanotherapeutic trends to combat triple negative
breast cancer. Bioact Mater. 2021; 6(10): 3269-
3287.

4. Mancilla TR, Iskra B, Aune GJ. Doxorubicin-
Induced Cardiomyopathy in Children. Compr
Physiol. 2019; 9(3): 905-931.

5. Bukowski K, Kciuk M, Kontek R. Mechanisms of
Multidrug Resistance in Cancer Chemotherapy.
Int J Mol Sci. 2020; 21(9): 3233.

6. Clevers H, Nusse R. Wnt/B-catenin signaling
and disease. Cell. 2012; 149(6): 1192-1205.

7. Xu X, Zhang M, Xu F, Jiang S. Wnt signaling in
breast cancer: biological mechanisms, challenges
and opportunities. Mol Cancer. 2020; 19(1): 165.

8. Martin-Orozco E, Sanchez-Fernandez A, Ortiz-
Parra I, Ayala-San Nicolas M. WNT Signaling
in Tumors: The Way to Evade Drugs and
Immunity. Front Immunol. 2019; 10: 2854.

9. Pohl SG, Brook N, Agostino M, Arfuso F, Kumar
AP, Dharmarajan A. Wnt signaling in triple-
negative breast cancer. Oncogenesis. 2017; 6(4):
e310.

10. Martins WK, Belotto R, Silva MN, Grasso D,
Suriani MD, Lavor TS, Itri R, Baptista MS,
Tsubone TM. Autophagy Regulation and
Photodynamic Therapy: Insights to Improve
Outcomes of Cancer Treatment. Front Oncol.
2021; 10: 610472.

11. Lorzadeh S, Kohan L, Ghavami S, Azarpira N.
Autophagy and the Wnt signaling pathway:
A focus on Wnt/B-catenin signaling. Biochim



E. S. El-Shafey, E. S. Elsherbiny

12.

13.

14.

15.

16.

17.

18.

19.

20.

Biophys Acta Mol Cell Res. 2021; 1868(3):
118926.

El-Shafey ES, Elsherbiny ES. Dual Opposed
Survival-supporting and  Death-promoting
Roles of Autophagy in Cancer Cells: A Concise
Review. Curr Chem Biol. 2020; 14(1): 4-13.
Klionsky DJ, Abdel-Aziz AK, Abdelfatah S,
Abdellatif M, Abdoli A, Abel S, Abeliovich H,
Abildgaard MH. et al. Guidelines for the use
and interpretation of assays for monitoring
autophagy (4" edition). Autophagy. 2021; 17(1):
1-382.

Azbazdar Y, Karabicici M, Erdal E, Ozhan G.
Regulation of Wnt Signaling Pathways at the
Plasma Membrane and Their Misregulation in
Cancer. Front Cell Dev Biol. 2021; 9: 631623.
Pérez-Plasencia C, LoOpez-Urrutia E, Garcia-
Castillo V, Trujano-Camacho S, Ldpez-
Camarillo C, Campos-Parra AD. Interplay
Between  Autophagy and  Wnt/B-Catenin
Signaling in Cancer: Therapeutic Potential
Through Drug Repositioning. Front Oncol.
2020; 10: 1037.

Choudhari AS, Mandave PC, Deshpande M,
Ranjekar P, Prakash O. Corrigendum:
Phytochemicals in Cancer Treatment: From
Preclinical Studies to Clinical Practice. Front
Pharmacol. 2020; 11: 175.

El Seedy GM, El-Shafey ES, Elsherbiny ES.
Fortification of biscuit with sidr leaf and
flaxseed mitigates immunosuppression and
nephrotoxicity induced by cyclosporine A. J
Food Biochem. 2021; 45(4): e13655.

Dkhil MA, Kassab RB, Al-Quraishy S, Abdel-
Daim MM, Zrieq R, Abdel Moneim AE.
Ziziphus spina-christi (L.) leaf extract alleviates
myocardial and renal dysfunction associated
with sepsis in mice. Biomed Pharmacother.
2018;102:64-75.

Almeer RS, Albasher G, Alotibi F, Alarifi S,
Ali D, Alkahtani S. Ziziphus spina-christi Leaf
Extract Suppressed Mercury Chloride-Induced
Nephrotoxicity via Nrf2-Antioxidant Pathway
Activation and Inhibition of Inflammatory and
Apoptotic Signaling. Oxid Med Cell Longev.
2019; 2019: 5634685.

Lee KL, Kuo YC, Ho YS, Huang YH. Triple-
Negative Breast Cancer: Current Understanding
and Future Therapeutic Breakthrough Targeting
Cancer Stemness. Cancers (Basel). 2019; 11(9):
1334.

22.

23.

24,

25.

26.

217.

28.

29.

30.

. Pathmanathan MK, Uthayarasa K, Jeyadevan JP,

Jeyaseelan EC. In Vitro antibacterial activity
and phytochemical analysis of some selected
medicinal plants. Int J Pharm Biol Arch. 2010;
1(3): 291-299.

Mujeeb F, Bajpai P, Pathak N. Phytochemical
evaluation,  antimicrobial  activity, and
determination of bioactive components from
leaves of Aegle marmelos. Biomed Res Int. 2014,
2014: 497606.

El-Shafey ES, Elsherbiny ES. Possible Selective
Cytotoxicity of Vanadium Complex on Breast
Cancer Cells Involving Pathophysiological
Pathways. Anticancer Agents Med Chem. 2019;
19(17): 2130-2139.

Ahmed HH, Toson EA, El-Mezayen HA,
Rashed LA, Elsherbiny ES. Role of mesenchymal
stem cells versus angiotensin converting enzyme
inhibitor in kidney repair. Nephrology (Carlton).
2017; 22(7): 531-540.

Toson EAM, Ahmed HH, Moneim EI-
Mezayen HA, Rashed LA, Elsherbiny ES.
Possible Renal Repairing Mechanisms of
Mesenchymal Stem Cells in Cyclosporine-
Mediated Nephrotoxicity: Endothelial Viability
and Hemodynamics. Indon Biomed J. 2019;
11(2): 145-151.

Abdel-Mohsen MA, Abdel Malak CA, Abou
Yossef MA, El-Shafey ES. Antitumor Activity of
Copper (I)-Nicotinate Complex and Autophagy
Modulation in HCC1806 Breast Cancer Cells.
Anticancer Agents Med Chem. 2017; 17(11):
1526-1536.

Pillai VB, Bindu S, Sharp W, Fang YH,
Kim G, Gupta M, Samant S, Gupta MP. Sirt3
protects mitochondrial DNA damage and
blocks the development of doxorubicin-induced
cardiomyopathy in mice. Am J Physiol Heart
Circ Physiol. 2016; 310(8): H962-H972.
Pilco-Ferreto N, Calaf GM. Influence of
doxorubicin on apoptosis and oxidative stress in
breast cancer cell lines. Int J Oncol. 2016; 49(2):
753-762.

El-Shafey ES, Elsherbiny ES. The role of apop-
tosis and autophagy in the insulin-enhancing
activity of  oxovanadium(IV)  bipyridine
complex in streptozotocin-induced diabetic
mice. Biometals. 2020; 33(2-3): 123-135.
Abdel-Mohsen MA, Toson EA, Helal MA.
Oncostatic treatment effect of triple negative
breast cancer cell line with copper (I)-nicotinate

61



ISSN 2409-4943. Ukr. Biochem. J., 2023, Vol. 95, N 6

complex. J Cell Biochem. 2019; 120(3): 4278-
4290.

31.Igbal J, Abbasi BA, Mahmood T, Kanwal S, Ali B,

32.

33.

34.

Shah SA, Khalil AT. Plant-derived anticancer
agents: A green anticancer approach. Asian Pac
J Trop Biomed. 2017; 7(12): 1129-1150.
Greenwell M, Rahman PK. Medicinal Plants:
Their Use in Anticancer Treatment. Int J Pharm
Sci Res. 2015; 6(10): 4103-4112.

Batra P, Sharma AK. Anti-cancer potential of
flavonoids: recent trends and future perspectives.
3 Biotech. 2013; 3(6): 439-459.

Jurmeister S, Ramos-Montoya A, Sandi C,
Pértega-Gomes N, Wadhwa K, Lamb AD,
Dunning MJ, Attig J, Carroll JS, Fryer LG,
Felisbino SL, Neal DE. Identification of potential
therapeutic targets in prostate cancer through a
cross-species approach. EMBO Mol Med. 2018;
10(3): e8274.

35. Abu Bakar MF, Ismail NA, Isha A, Mei LingAL.

36.

37.

38.

30.

Phytochemical Composition and Biological
Activities of Selected Wild Berries (Rubus
moluccanus L., R. fraxinifolius Poir., and R.
alpestris Blume). Evid Based Complement
Alternat Med. 2016; 2016: 2482930.
Abdoul-Azize S. Potential Benefits of Jujube
(Zizyphus Lotus L.) Bioactive Compounds for
Nutrition and Health. J Nutr Metab. 2016; 2016:
2867470.

Abedini MR, Erfanian N, Nazem H, Jamali S,
Hoshyar R. Anti-proliferative and apoptotic
effects of Ziziphus Jujube on cervical and breast
cancer cells. Avicenna J Phytomed. 2016; 6(2):
142-148.

El Seedy GM, El-Shafey ES, Elsherbiny ES.
Fortification of biscuit with sidr leaf and
flaxseed mitigates immunosuppression and
nephrotoxicity induced by cyclosporine A. J
Food Biochem. 2021; 45(4): €13655.

Christidi E, Brunham LR. Regulated cell death
pathways in doxorubicin-induced cardiotoxicity.
Cell Death Dis. 2021; 12(4): 339.

40. Sishi BJ, Loos B, van Rooyen J, Engelbrecht AM.

41.

42.

62

Autophagy upregulation promotes survival and
attenuates doxorubicin-induced cardiotoxicity.
Biochem Pharmacol. 2013; 85(1): 124-134.
Kopustinskiene DM, Jakstas V, Savickas A,
Bernatoniene J. Flavonoids as Anticancer
Agents. Nutrients. 2020; 12(2): 457.

El-Shafey ES, Elsherbiny ES. Therapeutic
potential of a 2,2’-bipyridine-based vana-

43.

44,

45.

46.

47.

48.

49

50.

SIR

52.

dium(I'V) complex on HepG2 cells: cytotoxic
effects and molecular targeting. Egypt J Basic
Appl Sci. 2023; 10(1): 204-217.

Kiruthiga C, Devi KP, Nabavi SM, Bishayee A.
Autophagy: A Potential Therapeutic Target
of Polyphenols in Hepatocellular Carcinoma.
Cancers (Basel). 2020; 12(3): 562.

Kikuchi H, Yuan B, Hu X, Okazaki M.
Chemopreventive and anticancer activity of
flavonoids and its possibility for clinical use by
combining with conventional chemotherapeutic
agents. Am J Cancer Res. 2019; 9(8): 1517-1535.
AlKhathami AAM, Saad HA, Fareed FA,
El-Shafey ES, Elsherbiny ES, ElI Nahas MR,
Aly MRE. Improvement of Metabolic and
Histological Changes of Adiposity in Rats by
Synthetic Oleoyl Chalcones. Chem Biodivers.
2023; 20(2): €202200670.

Noguchi M, Hirata N, Tanaka T, Suizu F,
Nakajima H, Chiorini JA. Autophagy as a
modulator of cell death machinery. Cell Death
Dis. 2020; 11(7): 517.

Liu Y, Shoji-Kawata S, Sumpter RM Jr,
Wei Y, Ginet V, Zhang L, Posner B, Tran KA,
Green DR, Xavier RJ, Shaw SY, Clarke PGH,
Puyal J, Levine B. Autosis is a Na*,K*-ATPase-
regulated form of cell death triggered by
autophagy-inducing peptides, starvation, and
hypoxia-ischemia. Proc Natl Acad Sci USA.
2013; 110(51): 20364-20371.

Liu Y, Levine B. Autosis and autophagic cell
death: the dark side of autophagy. Cell Death
Differ. 2015; 22(3): 367-376.

Schwartz LM. Autophagic Cell Death During
Development - Ancient and Mysterious. Front
Cell Dev Biol. 2021; 9: 656370.

Park SY, Choi JH, Nam JS. Targeting Cancer
Stem Cells in Triple-Negative Breast Cancer.
Cancers (Basel). 2019; 11(7): 965.

El-Abd SF, Badr Eldin NM, Mahmoud Elwasif S,
Ahmed NAS, El-Shafey ES, Elsherbiny E.
Impact of Proinflammatory Cytokine Gene
Polymorphisms and Circulating CD3 on Long-
Term Renal Allograft Outcome in Egyptian
Patients. Immunol Invest. 2021; 50(8): 1072-
1084.

Sun LR, Zhou W, Zhang HM, Guo QS, Yang W,
Li BJ, Sun ZH, Gao SH, Cui RJ. Modulation
of Multiple Signaling Pathways of the Plant-
Derived Natural Products in Cancer. Front
Oncol. 2019: 9: 1153.



E. S. El-Shafey, E. S. Elsherbiny

53.

54.

55.

Kiihn K, Cott C, Bohler S, Aigal S, Zheng S,
Villringer S, Imberty A, Claudinon J, Rémer W.
The interplay of autophagy and p-Catenin
signaling regulates differentiation in acute
myeloid leukemia. Cell Death Discov. 2015: 1:
15031.

Vafadar A, Shabaninejad Z, Movahedpour A,
Fallahi F, Taghavipour M, Ghasemi Y, Akbari M,
Shafiee A, Hajighadimi S, Moradizarmehri S,
Razi E, Savardashtaki A, Mirzaei H. Quercetin
and cancer: new insights into its therapeutic
effects on ovarian cancer cells. Cell Biosci.
2020: 10: 32.

Luo X, Ye S, Jiang Q, Gong Y, Yuan Y, Hu X,
Su X, Zhu W. Wnt inhibitory factor-1-mediated

56.

S7.

autophagy inhibits Wnt/B-catenin signaling by
downregulating dishevelled-2 expression in
non-small cell lung cancer cells. Int J Oncol.
2018; 53(2): 904-914.

Margolin K, Longmate J, Baratta T, Synold T,
Christensen S, Weber J, Gajewski T, Quirt I,
Doroshow JH. CCI-779 in metastatic melanoma:
a phase II trial of the California Cancer
Consortium. Cancer. 2005; 104(5): 1045-1048.
Racanelli AC, Rothbart SB, Heyer CL,
Moran RG. Therapeutics by cytotoxic meta-
bolite accumulation:  pemetrexed causes
ZMP accumulation, AMPK activation, and
mammalian target of rapamycin inhibition.
Cancer Res. 2009; 69(13): 5467-5474.

63



