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Abstract

Due to the high mortality rate and an increase in breast cancer incidence, it has been challenging for researchers to come across an
effective chemotherapeutic strategy with minimum side effects. Therefore, the need for the development of effective chemotherapeutic
drugs is still on the verge. Consequently, we approached a new mechanism to address this issue. The naturally available peptide named
latcripin-7A (LP-7A), extracted from a mushroom called Lentinula edodes, provided us promising results in terms of growth arrest,
apoptosis, and autophagy in breast cancer cells (MCF-7 and MDA-MB-231). Expressions of protein markers for apoptosis, autophagy,
and cell cycle were confirmed via Western blot analysis. Migration and invasion assays were performed to analyze the anti-migratory
and anti-invasive properties of LP-7A, while cell cycle analysis was performed via flow cytometry to evaluate its affect over cell
growth. Supportive assays were performed like acridine orange, Hoechst 33258 stain, DNA fragmentation, and mitochondrial mem-
brane potential (MMP) to further confirm the anticancer effect of LP-7A on breast cancer cell lines. It is concluded that LP-7A
effectively reduces migration and promotes apoptosis as well as autophagy in MCF-7 and MDA-MB-231 breast cancer cell lines
by inducing cell growth arrest at Go/G; phase and decreasing mitochondrial membrane potential without adverse effects on MCF-10A
normal breast cells.

Key points

* In this study, we have investigated the anti-cancer activity of novel latcripin-7A (LP-7A), a protein extracted as a result of de
novo characterization of Lentinula edodes Cy;_3.

» We conclude in our research work that LP-7A can initiate diverse cell death-related events, i.e., apoptosis and autophagy in
both triple-positive and triple-negative breast cancer cell lines by interacting with different nodes of cellular signaling that can
further be investigated in vivo to gain a better understanding.
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Introduction

In the last decade, we have observed the upscaling in cancer
research influenced by several factors. Almost all cancer types
got immerse attention in the field of cancer research due to
their limitations for diagnosis and treatment. We have seen an
intensification in cancer diagnosis over the last few years;
however, the rapid increase in the diagnosis of breast cancer
got our attention to address this issue effectively. It has been
reported that every year positive breast cancer diagnosis con-
tributes to the increase in the number of cases exponentially
estimated to cross over a million per year in breast cancer,
which is 23% of total cases. Among these, it has been estimat-
ed that 18% of the overall cancer cases lead to death (Ballazhi
etal. 2017; Porter 2008). The rate of breast cancer is higher in
almost every part of the world, including Australia, North
America, Asia, and Western Europe (Ferlay et al. 2010). In
China, however, this rate of incidence has been increasing
since the last few decades from 20 to 30% and counts on rising
3-5% per year, which accounts for a global increase in 1.5%
annually (Anderson et al. 2008; Li et al. 2016)

Naturally extracted products are always suggested to be the
best choice of treatment with a focus on minimum side effects
and higher efficiency (Joseph et al. 2018). Mushrooms have a
long history of serving as one of the best candidates to be used
as medicine and food sources providing high nutritional
values (Jong and Birmingham 1993). One of the well-
studied mushrooms is Lentinula edodes for its medicinal char-
acteristics such as antimicrobial efficiency, immune stimula-
tor, and anti-cancer activity (Bisen et al. 2010; Jong and
Birmingham 1993; Rincao et al. 2012). Clinical trials on
Lentinula edodes’ secondary metabolites as an anti-cancer
therapeutic agent have proven to possess the properties to
minimize the side effects when combined with traditional che-
motherapeutic agents (Jong and Birmingham 1993). Due to
such properties, our research team has expressed and isolated
several secondary metabolites, including peptides of
Lentinula edodes, and investigated on several cancer cell lines
for their anti-cancer therapeutic efficacy. We have accom-
plished successful results on growth inhibition of lung cancer
cells and gastric cancer cells at G1 phase cell cycle arrest via
the treatment of extracted peptides such as latcripin-3 (LP-3)
and latcripin-1 (LP-1), respectively, which involved targeting
NF-kB signaling for the growth inhibition (Ann et al. 2014;
Batool et al. 2018; Liu et al. 2012).

Latcripin-7A (LP-7A), on the other hand, has not been
evaluated for its anti-cancer efficacy. Occurrence and abun-
dance of breast cancer over the past decade widely increased
the focus of our study on finding the efficiency of LP-7A on
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breast cancer cell lines. Therefore, we have simultaneously
analyzed breast cancer cells (MCF-7 and MDA-MB-231)
and breast normal cells (MCF-10A) to study comparatively
the adverse effect of LP-7A in these cells. We have sustained
breast cancer cells to further evaluate the mechanistic study
for efficacy of LP-7A in detail to establish a baseline for our
conclusion.

Materials and methods
Cell culture and reagents

MCF-10A, along with MCF-7 and MDA-MB-231 breast can-
cer cell lines, were acquired from Shanghai Cell Bank,
Chinese Academy of Sciences (Shanghai, China). These cells
were maintained and cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) (Cyclone; GE Healthcare Life Sciences,
Logan, UT, USA) with 10% fetal bovine serum (FBS), ob-
tained from Tianjin Haoyang Biological Products Technology
Co., Ltd., (Tianjin, China), along with penicillin (100 units/
mL) and streptomycin (100 pg/mL) at 37 °C, in a humidified
atmosphere with 5% CO,.

MMP-2 (polyclonal, 10373-2-Ap), MMP-9 (polyclonal,
10375-2-Ap), IKB (polyclonal, 10268-1-AP), NF-kB (poly-
clonal, 14220-1-AP), p21 (polyclonal, 10355-1-Ap), Cdk6
(polyclonal, 14052-1-Ap), cyclin E1 (polyclonal, 11554-1-
Ap), cytochrome C (polyclonal, 10993- 1-Ap), Bax (poly-
clonal, 23931-1-Ap), Bcl-2 (polyclonal, 12789-1-Ap),
cleaved caspase-9 (polyclonal, 10380-1-AP), cleaved
caspase-1 (polyclonal, 22915-1-AP), caspase-3 (polyclonal,
19677-1-Ap), Atg7 (Monoclonal, 67341-1-Ig), Atgl2 (poly-
clonal, 11122-1-Ap), Atg5 (polyclonal, 10181-2-Ap), LC3 I/
IT (polyclonal, 12135-1-AP), p62 (polyclonal, 18420-1-AP),
and GAPDH along with secondary anti-rabbit antibody were
purchased from Proteintech (Wuhan, China). Beclin-1
(monoclonal, ab207612) was purchased from Abcam, while
p-IKB (monoclonal, #2859) and caspase-6 (polyclonal, 9762)
were obtained from Cell Signaling Technology (USA).
Cleaved PARP (monoclonal, k-200,027 M) was purchased
from Solarbio Life Sciences. Cyclin D1 (polyclonal, 60186-
1-ig) and caspase-8 (monoclonal, 66093-1-ig) were procured
from Thermo Fisher Scientific, Waltham, MA, USA).
Annexin V-FITC/PI kit and Hoechst 33258 assay kit were
obtained from keyGEN BioTECH (Shanghai, China).
Matrigel matrix was acquired from Corning Inc. (USA), and
acridine orange was obtained from Solar-bio Science &
Technology (China).
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Fig. 1 Breast cancer cell growth inhibition by LP-7A. A Effect of LP-7A,
across various concentrations (0-150 pg/mL), on viability, and
proliferation of MCF-10A, MCF-7, and MDA-MB-231 was performed
via CCK-8. B Morphological changes were observed in MCF-7, MDA-
MB-231, and MCF-10A by treating with 75 pg/mL, 100 pg/mL, and
125 pg/mL concentration of LP-7A for 48 h along with a control group,

Purification and expression of recombinant protein
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and phase-contrast images were taken at 40X magnification. C Colony
morphology was also performed in MCF-7 and MDA-MB-231 with the
same concentrations of LP-7A. Statistical analysis via multiple 7 test was
performed using GraphPad Prism 6.0 (* p<0.05, ** p<0.01, ***
p<0.001)

Microbiological Culture Collection Center; CGMCC no:
7354) with accession number #MT334074. The expression
of the active form of LP-7A (39 kDa) was performed follow-
ing a previously described protocol (Padhiar et al. 2018).
Briefly, the LP-7A gene was expressed in Rosetta gami
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(DE3) using the Pet32a (+) expression vector. The induction
of LP-7A was amplified with (isopropyl-3-D-thiogalactopy-
ranoside) IPTG (0.5 mM). Lysis buffer solubilization was
performed under various conditions through the freeze-thaw
method by using solubilization buffer (50 mM Tris-HCI, 3 M
urea pH 7.5. 100 mM NaCl). Further purification was done
with anti-His magnetic beads (Bio tool/US) following the
manufacturer’s protocol. His-tag beads were incubated in
binding buffer (20 mM NaH,PO,4, 500 mM NaCl, 30 mM
imidazole, 3 M urea pH 7.5) at 4 °C to activate the beads.
Solubilized protein was added, and inclusion bodies (IBs)
washing buffer (50 mM Tris-HCI, 100 mM NaCl, 01 mM
EDTA, 1% Triton X-100, 3 M urea pH 7.5) was used for
washing the His-tag column to remove impurities. Elution of
bounded His-tag proteins was eluted by adding elution buffer
(20 mM NaH,PO,, 500 mM NaCl, 500 mM imidazole, 3 M
urea pH 7.5). Refolding was optimized via refolding buffers
with pH ranging from 6.0 to 9.0 (Supplementary Table S1),
and final purification and concentration were done by dialysis
using dialysis buffer (0.238 mM NaHCO3 and 0.38 1 mM
EDTA Na,). SDS gel electrophoresis and BCA (bicinchoninic
acid) assay were performed in each step for qualitative and
quantitative analysis of LP-7A.

Cytotoxicity and cell viability

MCF-10A (4 x 10%), MCF-7, and MDA-MB-231 (3 x 10%)
were cultured in 96-well plate containing 200 pl DMEM.
Cells were grown at 37 °C with 5% atmospheric CO,. Upon
70% confluency, cells were washed gently with PBS and var-
ious concentrations of LP-7A (0 pg/mL to 150 pg/mL) were
applied as treatment and supplemented with fresh 10% FBS
containing DMEM. After 48h treatment, CCK-8 solution
(10 pul/well) was supplemented, followed by an incubation
period of 3 to 5 h. Upon the change in color, optical density
(OD) at 450 nm was analyzed. The growth curve was formu-
lated and inhibitory concentration (ICs,) was calculated using
GraphPad Prism 6.0.

Phase contrast microscopy and colony formation
assay

MCF-7 and MDA-MB-231 breast cancer cells, along with
MCF-10A normal breast cells, were treated with indicated
concentrations of LP-7A for 48 h. After washing, the cells
were re-submerged in DMEM, and phase-contrast images
were taken at 40X magnification by using a phase-contrast
microscope (Olympus IX53). For colony assay, breast cancer
cell lines were treated in the same manner for 48 h. After
washing with PBS, cells were trypsinized and transferred into
6-well plates (500 cells per well) along with fresh 2 mL
DMEM medium. These 6-well plates were incubated at
37 °C and the growth medium was replaced after every
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Fig. 2 LP-7A inhibits migration and invasion in breast cancer cells. A P>
Wound healing assay was performed for the migration capability of
MCF-7 and MDA-MB-231 under various concentrations of LP-7A
(75 pug/mL, 100 pg/mL, 125 pg/mL, and a control group) at a time
interval of 0 h, 24 h, and 48 h. B and C Furthermore, under the same
concentration of LP-7A, both of the breast cancer cell lines, i.e., MCF-7
and MDA-MB-231, were cultured in a trans-well chamber, with Matrigel
(Invasion) and without Matrigel (Migration), for the study of migration
and invasion. D Additionally, migration-related proteins MMP-2 and
MMP-9 expressions were evaluated by Western blot under the different
doses of LP-7A in MCF-7 and MDA-MB-231 cells. E Additionally,
proliferation markers IKB, p-IKB, and NF-kB were also evaluated in
both of these cell lines via Western blot by treating cells with LP-7A
(75 pg/mL, 100 pg/mL, 125 pug/mL and a control (0 pg/mL) indicated
as C. Statistical analysis was performed using multiple # test via GraphPad
Prism 6.0 (* p<0.05, ** p<0.01)

48 h. Colonies were observed under a period of 10 days. 4%
paraformaldehyde (PFA) was used for 15 min to fix the cells
and stained with crystal violet dye for 10 to 20 min. These
colonies of breast cancer cells, treated with LP-7A, were then
washed with PBS. Images were taken by a Sony IMAX
Sensor camera.

Wound healing assay

6-well plates were used for the culture of breast cancer cells,
and after reaching to desire confluency, a scratch was made in
each plate by using a sterilized 10ul pipette tip. After the
scratch, cells were washed with PBS three times gently. The
indicated concentration of LP-7A was used as a treatment for
these breast cancer cells. Cells were incubated at 37 °C and
images were taken after the stated time period.

Migration and invasion assay

Cell migration and invasion assay was performed in an §um
pore-sized transwell chamber (Corning Inc.). Manufacturer in-
structions were followed for Matrigel dilution and concentration
used for invasion. Briefly, after diluting Matrigel, the matrix was
allowed to coagulate for 12 h (37 °C) in the transwell chamber
plates. LP-7A-treated and LP-7A-untreated cells were then
trypsinized and seeded (3 x 10%) in a transwell chamber with
and without Matrigel for concerned assay. DMEM with 2%
FBS was added to the upper chamber, while the lower chamber
contained DMEM with 10% FBS. The transwell chamber plate
was then incubated at 37 °C for 48 h to initiate the process of
migration and invasion from the upper to lower chamber. Cells
attached to the inner side of the upper chamber were removed via
a soft cotton swab, while the outer lower side of the upper cham-
ber was allowed to fix using 4% PFA for 15 min. Later on, these
fixed cells were stained with crystal violet dye. Cells were sub-
jected to a light microscope for imaging at 20X magnification.
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Hoechst 33258 staining

For Hoechst 33258 staining, 12-well plates were used to cul-
ture breast cancer cells. Indicated concentrations as treatment
of LP-7A were given, as mentioned before, for 48 h. Breast
cancer cells were washed with PBS and fixed with 4% PFA.
The cells were washed, and 100 pul of Hoechst 33258 stain
was applied following the manufacturer’s protocol. The wash-
ing was repeated to remove the extra stain and cells were
exposed to a fluorescent microscope for imaging.

DNA fragmentation assay

LP-7A-treated cells (MCF-7 and MDA-MB-231) were collect-
ed after 48 h and washed with PBS. Cell lysis was performed
with the lysis buffer provided by the KeyGen DNA fragmen-
tation kit and enzyme treatment was followed. DNA was pre-
cipitated by using 70% ethanol, and the DNA was mixed with
an equal amount of agarose gel loading buffer to carry out the
electrophoresis on 15% agarose gel. Later on, images were
taken by the ChemiDoc XRS and Bio-Rad Imaging tool.

Cell cycle analysis

LP-7A-treated breast cancer cells were collected and washed
after 48 h with PBS. The cells were subjected to 70% ethanol
overnight at 4 °C for fixation. The cells were then collected
and centrifuged. Approximately 1 x 10° cells/mL were re-
suspended in 50 pg/mL propidium iodide (PI) along with
05 pg/mL RNase and then analyzed by FACS-Calibur
Cytometer (BD Accuri C® Biosciences, Heidelberg,
Germany) after incubation for 30 min at 37 °C.

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was analyzed and
evaluated using the JC-1 kit (kGA 601) in LP-7A-treated
breast cancer cell lines after 48 h of treatment. The manufac-
turer’s protocol was followed. Briefly, cells were washed with
PBS, treated with JC-1 solution for 10 min in the dark, and
then washed with dilution buffer. The OD at 535 nm was
measured using a microplate reader.

Apoptosis by flow cytometry using Annexin-V-FITC/PI
staining

LP-7A-treated cells were collected after 48 h and washed with
PBS. Cells were collected again and stained with PI and
Annexin V-FITC following manufacturer’s protocol. The rate
of apoptosis was then measured by using FACS-Calibur
Cytometer.

@ Springer

Fig. 3 Induction of DNA fragmentation by LP-7A in breast cancer cells. P>
A Hoechst 33258-stained fluorescent images for the analysis of nuclear
morphological changes after 48 h of LP-7A (75 pg/mL, 100 pug/mL,
125 pg/mL compared with control group) treatment at 40X magnification
in MCF-7 and MDA-MB-231 cells. B Analysis of DNA fragmentation in
MCF-7 and MDA-MB-231 breast cancer cells treated with various con-
centrations of LP-7A after 48 h. The arrangement of lanes is as follows:
lane 1, DNA marker DL10,000; lane 2, 0 pg/mL; lane 3, 75 pg/mL; lane
4, 100 pg/mL; and lane 5, 125 pg/mL of LP-7A. Statistical analysis was
perform using multiple # test via GraphPad Prism 6 (* p<0.05, ** p<
0.01)

Acridine orange staining

Breast cancer cells treated with LP-7A were washed with PBS
three times and collected after 48 h. Cells were then stained
with acridine orange as following manufacturer’s instructions
and kept in the dark for 15 min at 37 °C. Cells were washed
with PBS and transferred to glass slides for imaging under a
fluorescent microscope (Olympus 1X53).

Western blot

LP-7A-treated cells were collected and washed with ice-chilled
PBS. Cell lysis was performed by using RIPA
(radioimmunoprecipitation assay) reagent supplemented with
protease and phosphatase inhibitor (Transgen Biotech,
Beijing, China). The lysate was collected and centrifuged for
20 min at a cold temperature. The concentration of protein was
determined by using a BCA kit, and 20 to 40 pg/mL of protein
per well was loaded on sodium dodecyl sulfate-polyacrylamide
gel. Proteins were resolved and separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
These were then transferred on a PVDF (polyvinylidene fluo-
ride) membranes (Millipore, Billerica, MA, USA) and blocked
for 1 h at room temperature by using a blocking buffer, i.e., 5%
skimmed milk in TBST (20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 0.1% Tween 20). Blotted membranes were then incubat-
ed with represented antibodies overnight at a dilution followed
by the manufacturer’s instruction. The next day, membranes
were re-incubated with secondary HRP conjugated antibodies
for at least 1 h after three times repeated washing with TBST for
15 min at room temperature. Blots were developed using a
chemiluminescence detection kit. The membranes were sub-
jected to imaging for analysis, and the ChemiDcoTM XRS +
Imager-Bio-Rad imaging tool was used for this purpose.

Statistical analysis

Data analysis was performed by using one-way analysis of
variance (ANOVA), and multiple comparison ¢ test was ap-
plied by using GraphPad Prism 6.0. All experiments were
performed in triplicate unless mentioned otherwise.
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Results
Optimization of expression and purification of LP-7A

LP-7A expression has been carried out in Rosetta gami (DE3)
using the Pet32a (+) expression vector. It has been found that
6 mM of IPTG provides maximum induction, up to 1.4fold
more than the control group, of the expression of Pet32a. The
peak induction has been recorded at the 4™ h on the time scale
(Fig. S1A). The purification has been further improved using a
refolding buffer providing maximum solubility at pH 7.5 with
—80 °C temperature (Fig. S1B). These conditions have been
utilized before the further purification of LP-7A through His-
tag beads to provide maximum productivity of LP-7A (Fig.
S10).

LP-7A inhibits proliferation in breast cancer cells

Cell viability assessment was performed by cytotoxicity assay
via CCK-8 kit in two breast cancer cell lines, i.e., MCF-7 and
MDA-MB-231, and a breast normal cell line (MCF-10A) with
various concentrations ranging from 0 to 150 pg/mL for 48 h.
IC5o was calculated for all of these cell lines, which was
91 ug/mL for MCF-7 and 122 pg/mL for MDA-MB-231 cell
line, while the cytotoxic effect of LP-7A was lower on normal
cell line (MCF-10A) with a significantly higher ICso value,
i.e., 1.8 mg/mL (Fig. 1A). Due to the high significance of LP-
7A in terms of growth arrest in breast cancer cells, we also
analyzed morphological changes under phase contrast micro-
scope with three variable doses of LP-7A (75 pug/mL, 100 pg/
mL, 125 pg/mL) and a control group without treatment.
MCF-7 and MDA-MB-231 breast cancer cells were observed
to undergo aggressive deformation after 48 h with the increas-
ing dose of LP-7A treatment, while no significant change in
the shape of MCF-10A was observed (Fig. 1B). Since the
effect of LP-7A was significantly higher in breast cancer cells,
we further evaluated the proliferation of MCF-7 and MDA-
MB-231 via colony assay, which showed consistency with
our previous CCK-8 results. The number of colonies with
the increasing concentrations of LP-7A (75 pug/mL, 100 pug/
mL, 125 pg/mL) in MDA-MB-231 and MCF-7 was reduced
significantly as compared with the control group (Fig. 1C).
These results suggested that LP-7A has a remarkable inhibi-
tory effect on breast cancer cells (MCF-7 and MDA-MB-
231), while in breast normal cell (MCF-10A), a lower or neg-
ligible impact on growth and proliferation was observed.

LP-7A inhibits migration and invasion of MCF-7 and
MDA-MB-231 cancer cells

Due to the higher growth inhibitory effect of LP-7A in MCF-7

and MDA-MB-231, we evaluated these two cancer cell lines
for their migration and invasion capability under LP-7A
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Fig.4 LP-7A induces p21-mediated cell cycle arrest at Go/G, phase. LP- P>
7A (control, 75 pg/mL, 100 pug/mL, 125 pg/mL)-treated breast cancer
cell lines were analyzed for DNA content measurement using a flow
cytometer after 48 h. Images are represented in terms of percent distribu-
tion of cells into Gy/Gy, S, and G, phase in MCF cells (A and B) and
MDA-MB-231 cells (D and E). Additionally, p21, cdk6, cyclin E1, and
cyclin D1 expressions were evaluated via Western blot across similar
concentrations of LP-7A (control (0 pg/mL) indicated as C, 75 ug/mL,
100 pg/mL, 125 pg/mL) in MCF-7 (C) and MDA-MB-231 (F).
Statistical analysis was performed using multiple ¢ test via GraphPad
Prism 6 (* p<0.05, ** p<0.01)

treatment. By performing wound healing assay, we observed
that MCF-7 and MDA-MB-231 showed a significant decrease
in filling the scratched gap between cells under pre-selected
doses of LP-7A as indicated before under different time pe-
riods, i.e., 0 h, 24 h, and 48 h (Fig. 2A). A similar effect was
also observed while performing trans-well chamber assay for
migration (without Matrigel layer) and invasion (with
Matrigel layer). Cells were treated with the same concentra-
tion of LP-7A and allowed to culture on trans-well having an
FBS gradient (10% FBS in the lower chamber and 2% in the
upper chamber) for 48 h. Both cell lines (MCF-7 and MDA-
MB-231) showed a significant decrease in migration (Fig. 2B)
and invasion (Fig. 2C) across the trans-well membrane with
higher LP-7A treatments. We further confirmed these effects
by evaluating the expression of markers such as
metalloproteinase-2 (MMP-2) and metalloproteinase-9
(MMP-9) via Western blotting. MMP-2 and MMP-9 were
observed to be significantly decreased in MCF-7 and MDA-
MB-231 with increasing concentrations of LP-7A (75 pg/mL,
100 png/mL, 125 pg/mL) as compared with the control group
(Fig. 2D). Furthermore, we also analyzed the downstreaming
proteins, i.e., p-IKB, IKB, and NF-kB, that can also affect the
proliferation, migration, and invasion. The expression of IKB
was increased, but the activation of IKB into phosphorylated
form was decreased significantly with increasing LP-7A con-
centration. The expression of NF-«kB was also reduced in
MCF-7 and MDA-MB-231 cells, with indicated LP-7A treat-
ment (Fig. 2E). These results suggest that the downregulation
of MMP-2, MMP-9, and NF-kB along with lower IKB acti-
vation (p-IKB) resulted in a decrease in proliferation rate at a
cellular level in response to LP-7A.

LP-7A induces DNA fragmentation and nuclear
morphological changes in breast cancer cells

Previous reports suggest that apoptotic cells have unique char-
acteristics of nuclear morphology, such as genomic or chro-
matin condensation, nuclear DNA cleavages, or nuclear mem-
brane rupture (Balasubramanian et al. 2007; Wyllie 1980;
Whyllie et al. 1980). To study the role of LP-7A in the nuclear
morphological changes and DNA fragmentation, we
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performed Hoechst 33258 staining and DNA gel electropho-
resis assay, respectively. Nuclear morphological change has
been observed in the treated cells of MCF-7 and MDA-MB-
231 by staining the nucleus by using Hoechst 33258 stain
(Fig. 3A). Furthermore, the extracted DNA of LP-7A-treated
cells were also analyzed via electrophoresis on agarose-based
gel along with an untreated control group resulting in higher
fragmentation with the increasing dose of LP-7A (Fig. 3B).
These results suggested the potential role of LP-7A in growth
inhibition of breast cancer cells via DNA fragmentation is an
intermediate path towards the cell death.

LP-7A induces Gy/G, phase cell cycle arrest mediated
by p21 in breast cancer cells

Cell cycle analysis of dose-dependent LP-7A-treated breast
cancer cell lines showed that a significant number of cells
were arrested in Go/G; phase compared with the control
group. The trend of increase in the G, phase in MCF-7 was
57%, 70%, and 81% at the concentration of 75 pg/mL,
100 pg/mL, and 125 pg/mL, respectively, in comparison with
the control group, which was 36%. Moreover, reduction in S
phase was also observed i.e., 49%, 35%, 25%, and 9% at the
concentration of 0 pg/mL, 75 pg/mL, 100 pg/mL, and
125 pug/mL, respectively (Fig. 4A and B). A similar trend
was also found in MDA-MB-231, which showed increase in
Go/G phase (32%, 45%, 53%, and 76%) while decrease in S
phase (44%, 39%, 28%, and 13%) across the concentrations
of 0 pg/mL, 75 pug/mL, 100 png/mL, and 125 pg/mL, respec-
tively (Fig. 4D & E). Furthermore, we also confirmed our
results by analyzing the expression of cell cycle-related
markers through Western blot. It was observed that the inhib-
itor of cyclin-Cdk complex, i.e., p21, showed higher expres-
sion along with a decrease in the expression of Cdk6, cyclin
D1, and cyclin E1 in MCF-7 (Fig. 4C) and MDA-MB-231
(Fig. 4F), confirming the inhibition of cell growth with in-
creasing concentration of LP-7A treatment. These results
showed that with the treatment of LP-7A, the cancer cell
growth inhibition is arrested at Go/G; phase in which the ac-
tivation of p21 plays an important role.

LP-7A induces mitochondrial -mediated late apopto-
sis in breast cancer cells

Annexin V-FITC and PI stain, which is commonly used for
monitoring the externalization of phosphatidylserine on the cel-
lular membrane as a result of apoptosis, was performed via flow
cytometry in LP-7A treated breast cancer cell lines. We found a
significant increase in late-stage apoptosis in LP-7A-treated
cells as compared with the control group in both breast cancer
cells. Treated MCF-7 and MDA-MB-231 also indicated the
increase in the induction of necrosis as compared with their
control groups (Fig. 5A). Furthermore, higher significant

@ Springer

Fig. 5 Induction of apoptosis by LP-7A in breast cancer cell lines. A P>
Flow cytometry was performed for the study of induction of apoptosis
by LP-7A-treated MCF-7 and MDA-MB-231 cells with various concen-
trations (75 ug/mL, 100 ug/mL, 125 pug/mL, and keeping 0 pg/mL as a
control group). These treated cells were stained with annexinV-FITC/PL
Quadrant numbers are represented as annexin V+/PI—, (lower right), and
annexin V—/PI (lower left) showing early apoptotic and viable cells, re-
spectively, while annexin V+/PI+ (upper right) indicates late apoptosis. B
Furthermore, expression of apoptotic markers such as Bax/Bcl-2, cyto-
chrome c, and caspases such as cleaved caspase-8, cleaved caspase-9,
cleaved caspase-6, and cleaved caspase-1 along with cleaved PARP
was evaluated via Western blot in LP-7A (control (0 pg/mL) indicated
as C, 75 pg/mL, 100 pg/mL, 125 pg/mL)-treated MCF-7 and MDA-MB-
231 cells. C Mitochondrial membrane potential (MMP) was analyzed by
JC-1 kit in LP-7A (0 nug/mL, 75 pug/mL, 100 pg/mL, 125 pg/mL)-treated
breast cancer cell lines. Statistical analysis was performed using multiple ¢
test via GraphPad Prism 6.0 (* p <0.05, ** p<0.01)

upregulation was also observed in mitochondrial-mediated ap-
optotic marker proteins such as Bax, as well as in cytochrome
C, caspase-9, caspase-8, caspase-6, and caspase-1, along with
cleaved PARP expression, with increasing dose of LP-7A treat-
ment. In contrast, the expression of Bcl-2 was decreased as
compared with the control group (Fig. 5B). These results sug-
gested that intrinsic apoptotic pathways are triggered to initiate
apoptosis of breast cancer cells, which was further evaluated by
measuring the significant decrease in mitochondrial membrane
potential in LP-7A-treated cells (Fig. 5C).

LP-7A promotes autophagy in MCF-7 and MDA-MB-
231 cells

Both cell lines were treated with various concentrations (0 pg/
mL, 75 pug/mL, 100 pg/mL, and 125 pg/mL) of LP-7A for
48 h, which were then analyzed for acridine orange-based
autophagy assay. It is basic organic dye with the capability
of penetrating through lipid bilayer membranes and emits light
waves that fall into green color wavelength in a neutral envi-
ronment. But in case of autophagy vacuolization, the color is
turned into even lighter wavelength observed as orange or
greenish orange color. We observed that the orange color is
increased gradually in LP-7A-treated breast cancer cell lines
across the increasing concentration (Fig. 6A and B).
Furthermore, the confirmation of autophagy was evaluated
by performing Western blot and analyzing the expression of
the autophagy-associated proteins, i.e., Beclin-I, Atg7, Atg12,
Atg5, LC3, and p62. Beclin-I is a tumor suppressor protein
that regulates autophagy, LC3, and Atg’s are involved in the
development of autophagosomes, p62, which binds to
autophagosomal units having LC3/Atg and is degraded during
the autophagic process, thus making them potential markers
for autophagy. The expression of autophagy-associated pro-
teins was found higher during Western blot in LP-7A-treated
breast cancer cells except for p62, which was decreased due to
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Fig. 6 LP-7A induces autophagy in breast cancer cell lines. A and B The
role of LP-7A in the induction of autophagy is analyzed by performing
acridine orange staining of MCF-7 and MDA-MB-231 cells under vari-
ous indicated concentrations of LP-7A. C Analysis of expression of
autophagy-related markers such as Beclin-1, Atg 7, Atg 12, Atg 5, LC3

LC3

GAPDH

its degradation (Fig. 6C). The expression of these
autophagosome membrane-associated proteins, together with
acridine orange staining, gave us significant evidence that the
treatment of LP-7A induces autophagy in these breast cancer
cells.
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/11, and p62 was evaluated via Western blot by treating breast cancer cells
with different doses (control (0 pg/mL) indicated as C, 75 pg/mL,
100 pg/mL, 125 pg/mL) of LP-7A for 48 h. Statistical analysis was
performed using multiple # test via GraphPad Prism 6.0 (* p <0.05, **
p<0.01)

Discussion
Breast cancer is linked with many deaths across the globe;

therefore, it is needed to develop effective and novel therapeu-
tic agents that can help in the control and treatment of highly
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progressive tumors with minimal side effects (Ballazhi et al.
2017; Porter 2008). Latcripin-1(LP-1) from Lentinula edodes,
are effective and efficient in terms of arresting cancer cell
growth (Batool et al. 2018). However, the effect of LP-7A is
not evaluated in any cancer type so far. Hence, it was our keen
interest to study its effectiveness in cancer. Since the work on
latcripins (LPs), other than LP-7A, as an anti-cancer agent has
already been performed on other cancer types, we have select-
ed breast cancer cells as it has not been evaluated and requires
our attention due to its high incidence worldwide. We have
found that LP-7A is a much efficient candidate to be useful for
addressing the proliferation of aggressive cancer cells without
affecting normal cells with ICs, around 91 pg/mL for MCF-7
and 122 pg/mL in MDA-MB-231 cells. The ICso for MCF-
10A, i.e., 1.8 mg/mL, represents less toxicity to normal breast
cells. It has been found that the normal cell lines were less
sensitive in comparison with the cancer cell lines in response
to lower doses of LP-7A. However, at higher doses, the LP-
7A can affect the proliferation of MCF-10A. Due to the lack
of tumorigenic properties, these cells exhibit stable and non-
aggressive growth patterns. The reason for this selective
targeting of LP-7A may be in relation to the high proliferative
properties of cancer cells. The higher sensitivity of cancer
cells (MCF-7 and MDA-MB-231) towards LP-7A might be
associated with their aggressive growth, as compared with
MCF-10A, as well as more frequent uptake of LP-7A
(Fig. 1A). Such high sensitivity of breast cancer cells towards
LP-7A not only affected proliferation but also its metastatic
capability. We also reported changes in morphology in breast
cancer cells while such changes were not prominently seen in
the MCF-10A cell line (Fig. 1B).

Furthermore, colony assay has shown a significant reduc-
tion in the formation of colonies with higher doses of LP-7A
(Fig. 1C). Previous reports on the anti-cancer activity of pep-
tides extracted from Lentinula edodes have also shown con-
siderable less toxicity on normal cells (Ann et al. 2014; Batool
et al. 2018; Liu et al. 2012). However, we suggest that com-
prehensive comparative investigations on the cytotoxicity of
LP-7A and current anti-cancer drugs in high proliferative nor-
mal cells, such as dermal papillae cells and keratinocytes, are
still required for further evaluation of the specificity of LP-7A.

Reports and studies have suggested that the upregulation of
NF-kB serves as a proliferating agent in cancer cells
(Hernandez et al. 2020; Ramamoorthy et al. 2020; Teixeira
et al. 2020) and is reported to be involved in multiple roles,
which include angiogenesis and metastasis as in migration and
invasion (Altomare and Testa 2005; Mook et al. 2004). It has
been reported that usually IKB and NF-kB form a complex
and stays in an inactive state, but with the phosphorylation of
IKB, NF-kB is free and can act as a transcription factor for the
transcription of a variety of genes (Lin et al. 2007; Samuels
et al. 2004). Such signaling makes the cancer cell express
more MMPs into the matrix resulting in the transformation

of a tumor into aggressive metastatic nature (Kim et al.
2012; Luo et al. 2005). In this report, we have found that
inhibition of matrix dissolving protein (MMP-2 and MMP-
9) expression is down-regulated via NF-kB by LP-7A,
resulting in significantly lower migration and invasion
(Fig. 2B and C) and lower filling rate of scratched space dur-
ing wound healing (Fig. 2A). The breast cancer cells (MCF-7
and MDA-MB-231) have shown a significant decrease in mi-
gration and invasion when treated with LP-7A. Addressing
the metastasis in cancer is one of the critical factors in cancer
treatment, which can result in rapid recovery (Han et al. 2004;
Han et al. 2005). Such morphological changes, inhibition of
growth, and a higher level of cleaved PARP (Fig. 5B) were
further evaluated by the chromatin cleavage (Fig. 3A) and
agarose DNA analysis (Fig. 3B), suggesting the possible nu-
clear chromatin and genome disability.

The activation of NF-«B also involves in the regulation of
anti-apoptotic proteins such as cyclin-D1, Bcl-2, and angio-
genic genes such as vascular endothelial growth factors
(VEGF) (Garcia-Rostan et al. 2005; Li et al. 2005). In other
cancer types such as lung cancer, the inhibition as well as
nuclear translocation of NF-kB also facilitated apoptosis
(Chen et al. 2011). Therefore, anti-cancer drugs which inhibit
the activation of NF-kB are proved to be effective anti-cancer
therapeutic agents (Li et al. 2005). Herein, our study on LP-
7A-treated breast cancer cells have shown a significant in-
crease in p21 that acts as an inhibitor for cyclin-Cdk complex
and provided a substantial reduction in cyclin D1, cdk6, and
cyclin El, causing cell cycle arrest at G1 phase (Fig. 4).
Additionally, for the transition of G1 phase into S phase,
cyclin-Cdk plays a significant role (Chambard et al. 2007).

Furthermore, the cell inhibitory effect might also stimulate
mitochondrial-mediated apoptosis, as mentioned above, the
role of NF-kB in the expression of Bcl-2. Therefore, we fur-
ther evaluated the influence of LP-7A to analyze the apoptosis
of breast cancer cells via flow cytometry. It was of no surprise
to observe the accumulation of a significantly higher percent-
age of apoptotic cells in the upper right (annexin V+/PI+),
showing an increase in late apoptosis. Moreover, a higher
number of necrotic cells in the treated groups of MCF-7 and
MDA-MB-231 may suggest the efficacy of LP-7A, which
destabilized these cancer cells enough to be damaged by ex-
ternal stresses during flow cytometry experiments (Fig. 5A).
The significant expressions of caspases mediated via Bax/Bcl-
2 ratio during mitochondrial stress are evident by the level of
cytochrome ¢ in breast cancer cells (Fig. 5B).

Dysregulation in cell cycle phases has been presented to be
one of the main reasons to initiate apoptosis (Li and Brooks
1999). However, due to positive acridine orange stain in LP-
7A-treated breast cancer cells (Fig. 6A) and increase in
Beclin-1, Atg’s, LC3 V1L, along with lower p62 expression
(Fig. 6C) indicated autophagy in a significant number that
cannot be ignored. Studies have found that autophagy may
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contribute to the cell cycle arrest or vice versa (Chen et al.
2013; She et al. 2017; Tasdemir et al. 2007). Therefore, due to
the novelty of LP-7A, at this moment, it is unclear that the
dysregulation of the cell cycle, in LP-7A-treated cells, trig-
gered autophagy, apoptosis, or simultaneously both or may
exist a separate underlying mechanism to initiate autophagy
and apoptosis. The complete mode of action of LP-7A in
terms of breast cancer cell apoptosis and autophagy is yet to
be evaluated. But with our current data, we conclude that it
acts as a promising anti-cancer agent that can initiate intrinsic
apoptosis and autophagy in breast cancer cells (MCF-7 and
MDA-MB-231) mediated via mitochondrial stress. It is essen-
tial to consider that despite the difference in estrogen receptor
(ER) expression in MCF-7 (ER*) and MDA-MB-231 (ER"),
both breast cancer cell lines share the similarity, in terms of
cytotoxicity of LP-7A, through NF-kB. Previous studies
showed that malignancies like melanoma, leukemia, pancre-
atic cancer, colon cancer, and breast cancer have abnormally
higher NF-kB expression (Karin 2006). The presented study
on LP-7A also showed significant control over the upregula-
tion of NF-kB. It can further be evaluated alongside with
already known antitumor agents, and elaborative therapeutic
implications can also be explored after tangible animal and
preclinical trials.
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