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BACKGROUND: Mammary carcinogenesis possesses great challenges due to the lack of effectiveness of the multiple therapeutic
options available. Gene therapy-based cancer treatment strategy provides more targeting accuracy, fewer side effects, and higher
therapeutic efficiency. Downregulation of the oncogene mTOR by mTOR-siRNA is an encouraging approach to reduce cancer

progression. However, its employment as means of therapeutic strategy has been restricted due to the unavailability of a suitable

delivery system.

METHODS: A suitable nanocarrier system made up of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) has been developed to
prevent degradation and for proficient delivery of siRNA. This was followed by in vitro and in vivo anti-breast cancer efficiency
analysis of the mTOR siRNA-loaded neutral liposomal formulation (NL-mTOR-siRNA).

RESULTS: In our experiment, a profound reduction in MCF-7 cell growth, proliferation and invasion was ascertained following
extensive downregulation of mTOR expression. NL-mTOR-siRNA suppressed tumour growth and restored morphological alterations
of DMBA-induced breast cancer. In addition, neutral liposome enhanced accumulation of siRNA in mammary cancer tissues
facilitating its deep cytosolic distribution within the tumour, which allows apoptosis thereby facilitating its anti-tumour potential.
CONCLUSION: Hence, the current study highlighted the augmented ground for therapies aiming toward cancerous cells to
diminish mTOR expression by RNAi in managing mammary carcinoma.
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BACKGROUND

Mammary carcinogenesis with 2.26 million newly diagnosed cases
in 2020 [1] has become a serious illness in women and attract the
focus of biomedical researchers. The latest report remains
worrisome as the number of fresh invasive breast carcinoma
touches 276,480 in the USA [2] while in India it stands at 712,758
[3]. Resistance to available breast cancer therapies consisting of
chemo-, hormonal- and radiation therapy along with metastasis is
the prime reason for patient-related deaths. Henceforth, there is
an urgent requirement to design a new therapeutic approach by
targeting cell signalling pathways that are entangled in tumour-
igenesis of the mammary gland [4].

Mammalian target of rapamycin (mTOR), a serine/threonine
kinase [5], is a central regulator of mRNA translation, gene
transcription, protein synthesis, lipid synthesis, cell proliferation,
cell differentiation, glucose metabolism, apoptosis and autophagy
[6] and belongs to phosphatidylinositide 3-kinase-related kinase
(PIKK) family [7]. Aberrant hyperactivation of the PI3K-AKT-mTOR
cascade is reported to contribute to tumourigenesis, especially in

breast, liver, prostate, gastric and colorectal cancer cells [8, 9.
Mutation of mTOR signalling in breast cancer is very common with
nearly 70% of mammary tumour harbouring genetic alterations
that cause mTOR hyperactivation [10]. Being a potent oncogene,
its therapeutic targeting by FDA-approved drugs is found to be
very beneficial for the management of ER and HER2-positive
breast cancer. However, targeting these signalling has many
obstacles including identification of a prognostic biomarker for
tumour response, rational therapy design to surpass adaptive
resistance, along with delivery method optimisation to reduce
toxicity while still preventing the target gene [11]. This observa-
tion underscores the need for alternative molecular biomarker-
guided therapeutic approaches for the management of breast
cancer.

In recent times, RNAi technology is appeared to be an
important aspect of molecular therapies for life-threatening
diseases by silencing targeted genes in a sequence-specific
manner [12]. Small interfering RNA (siRNA) is a kind of RNAI tool,
the discovery of which in the 1990s offer major advancement in
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the field of nucleic-acid-based therapeutics [13]. It works on the
principle of suppressing the expression of a target gene through
DICER and RNA-induced silencing complex (RISC), resulting in
MRNA breakdown and averting corresponding protein expression
[6, 14]. The easy and economical method of synthesising [15, 16]
along with its infrequent administration and self-administrable
potential makes it an obvious choice over other nucleic acid
therapies [17]. Remarkable evolution in siRNA therapy is apparent
amidst approval of the first siRNA drug patisiran in 2018 by US
FDA barely a decade after Andrew Z. Fire and Craig C. Mello were
awarded with Nobel Prize in Physiology or Medicine that is
followed by Givosiran and Lumasiran hitting the market [18]. This
gives a strong signal that siRNA drugs are going to stay and
opened new avenues with enormous capability for treating
human diseases.

The discovery of RNA interference (RNAI) technology paved the
path for nucleic acid molecules to be familiarised as next-
generation therapeutic drugs. However, its translation into in vivo
settings remains challenging due to the absence of a proper
delivery technique [19-21]. Main hurdles in this regard include (A)
susceptibility of siRNA degradation by serum nucleases present in
blood or body fluids resulting in smaller half-life (nearly 7 min), (B)
difficulty in crossing the cell membrane to reach the cytoplasm
due to high molecular weight and negatively charged backbone
limiting cellular internalisation, (C) rapid clearance by kidney
through glomerular filtration leading to poor tumour penetration
and (D) inadequacy in delivery to targeted cell in vivo [22].

Non-viral vectors comprising nanomaterials are emerging as a
prominent carrier system. Liposomes are sphere particles con-
structed by adding one/more phospholipid bilayers to assist in the
successful delivery of oligonucleotides, peptides and siRNA. These
nanocarriers shield the biodegradable drug till it reaches its target
cells, making it very attractive [23]. It does not directly affect
cancer cells, but they passively congregate inside cancer tissues as
it provides a greater penetrability and retention effect [16].
Therapeutic use of cationic liposome is constrained by its toxicity
in human cells as a consequence of free radical production and
lung inflammation [24] and anionic liposome has negligible
silencing efficacy due to the absence of complexation enhancing
electrostatic interactions of lipids-siRNA along with the limitation
of macrophage uptake [25]. However, liposome prepared of
neutral lipid was proved to be efficacious with a high rate of
in vivo tumour reducing capability [26]. Therefore, in this research,
we adopt a neutral nano-liposomal carrier to explore the impact of
therapeutic targeting of the mTOR gene in suppressing mammary
carcinogenesis in both in vitro and in vivo settings.

MATERIALS AND METHODS

Materials required

siRNA used for in vitro and in vivo studies was purchased in three
formulations. A fluorescence (Alexa 555) labelled non-silencing siRNA
sequence i.e., Alexa 555 tagged C-siRNA (Qiagen, Valencia, CA), with no
equivalence to any recognised mRNA sequence as exhibited by BLAST
search was employed to study uptake into MCF-7 cells and tissue
distribution. To investigate in vitro and in vivo mTOR downregulation,
mTOR-siRNA  (ThermoFisher Scientific) targeting mTOR mRNA was
purchased. A non-silencing siRNA construct without any tagging (siRNA
sequence same as above), i.e. C-siRNA was employed as a control in mTOR-
targeting experimentations.

Preparation and characterisation of DOPC-based neutral
liposome with siRNA

1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) was used to formu-
late neutral liposomal nanoparticles as NL (empty liposome), NL-C-siRNA
(C-siRNA-loaded liposome) and NL-mTOR-siRNA (mTOR-siRNA-loaded
liposome) as per previously described protocol [27] and stored as a
lyophilised powder. Encapsulation efficiency (EE) reflecting loading of
siRNA into nano-liposome was determined with spectrophotometry [27].

Lipid-siRNA powder was dispersed in 0.9% saline followed by 3 min of
sonication to produce liposomes for in vivo administration at 15 ug/mL
concentration to obtain the required dose for injection [27].
Nano-liposomes were characterised by particle size (PS), zeta potential
(ZP) and polydispersity index (PDI) by employing Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) at 25 °C in triplicate [28]. Morphological
characterisation gives useful information about the relative structure,
alignment of siRNA molecules and assembly of siRNA lipids. NL-C-siRNA
was characterised using the field emission scanning electron microscope
(FESEM) (Sigma 300, ZEISS, Carl Zeiss) [29], atomic force microscope (AFM)
(NT-MDT, Russia; Solver Pro-4) [30] and transmission electron microscope
(TEM) [31]. To analyse stability, alteration in PS, ZP and PDI was carried out
for 4 weeks following storage at —20°C, 4°C and 25°C [32]. Release of
siRNA from NL-C-siRNA at different time intervals was conducted following
a dialysis process in phosphate-buffered saline (PBS) of pH 5.5 or 7.4 using
UV-vis spectrometry (U.V-1601; Shimadzu, Japan; at 260 nm) [29]. The
percentage of siRNA release was calculated as: [(OD of siRNA in PBS/initial
total content of siRNA)] x 100. Haemolysis assay based on red blood cell
lysis was selected to estimate blood compatibility of sample in vitro.
Haemolysis of NL-C-siRNA (50 mg/mL) was measured using a microplate
reader (Biotek, USA) at 540 nm following the established method by taking
Triton X-100 (0.5%) as positive control and PBS as negative control [33].

Cell lines, culture conditions and reagents

MCF-7 cells were acquired from National Centre for Cell Science Pune,
India and preserved in RPMI-1640 (Gibco, USA) culture medium added with
10% foetal bovine serum (FBS), streptomycin (100 mg/mL) along with
penicillin (100 U/mL) in a dampened environment with 5% CO2 at 37 °C
along with 95% of both air and humidity. siRNA was transfected into MCF-7
cells as per earlier established methods where 1 mg of NL-C-siRNA or NL-
mTOR-siRNA were transfected into each well [34].

In vitro cellular uptake of siRNA-loaded neutral liposome
Confocal microscopy was adopted for qualitative assessment of in vitro
uptake of fluorescence-labelled C-siRNA liposomal formulation. Concisely,
MCF-7 cells were cultured in confocal dishes at a density of 1x 10* cells
per well for 24 h. Thereafter, media was exchanged with fresh media
comprising of RPMI with 10% foetal bovine serum. After 4 h of incubation
with Alexa 555-labelled NL-C-siRNA and naked C-siRNA at 37 °C, cells were
bathed thrice with PBS and subjected to 10min of fixation with
paraformaldehyde (4%). Finally, Hoechst was added and incubated for
10 min for staining nuclei before viewing under a confocal microscope
(FLOWVIEW, Olympus) to observe blue and red fluorescence reflecting
Hoechst and Alexa 555-labelled siRNA, respectively [35].

Quantitative uptake of Alexa 555-labelled NL-C-siRNA was done using
flow cytometry (FCM). MCF-7 cells were cultured in 12-well plates (1 x 10°
cells/well) for 24 h using 0.5 mL of media. Next, siRNA formulations were
added to cells suspended in RPMI containing 10% FBS and incubated for
4h. Cold PBS was used to cleanse MCF-7 cells thrice followed by
trypsinisation and harvesting. Fluorescence (red) intensity of Alexa-555 was
measured using BD FACS Calibur flow cytometry and analysed by the FCS
Express software (BD Bioscience, USA) [35].

In vitro mTOR silencing effects of NL-mTOR-siRNA

To investigate in vitro mTOR silencing capability of NL-mTOR-siRNA
against MCF-7 cells, the qualitative assessment of phosphorylated mTOR
(Ser2448) was carried out by mTOR pSer2448 in vitro ELISA (ab168358) kit
as per the manufacturer’s protocol using a microplate reader at 450 nm
wavelength [36].

In addition, the efficacy of NL-mTOR-siRNA (25 nmol/L) on mTOR protein
expression in MCF-7 cells was evaluated via western blot study following
the established protocol [37]. MCF-7 cells were treated with NL-C-siRNA
and NL-mTOR-siRNA and a total of 1x10° cells were collected. After
rinsing the cells with phosphate-buffered saline (PBS), it was treated with
ice-cold Lysis buffer (500 uL) composed of 0.1 mM of ethylenediaminete-
traacetic acid (EDTA), 50 mM of NaCl, 10 mM of HEPES having pH 7.9, 0.5%
of triton (X-100), 1 mM of dithiothreitol (DTT), 1 mM of phenylmethylsulfo-
nyl fluoride, 5 uL of phosphatase inhibitor and 5 uL of protease inhibitor
cocktails. Then, the lysate was centrifuged (1000 rpm, 4 °C, for 10 min) to
isolate the cytoplasmic extract and the supernatant was subsequently
centrifuged at 14000 rpm to yield a clear fragment of cytoplasmic protein
which was stored in —80°C. Later, nuclear pellet obtained was blend
together with 500 uL of buffer (composed of 0.1 mM of both EGTA and
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EDTA, NaCl (500 mM), 0.1% of NP40, DTT (1 mM), HEPES of pH 7.9 (10 mM),
PMSF (1 mM) along with protease inhibitor (5 mL) cocktail) and vortexed
(4 °C, 15 min). The extract was centrifuged once again (14,000 X g, 10 min,
4°C) and placed in liquid nitrogen. Bradford protein assay was used to
estimate the protein content in the sample.

To perform SDS-PAGE analysis, same quantity of protein samples was
taken along with successive transfer of proteins obtained electrophor-
etically into a nitrocellulose membrane (Millipore). Sites of the blots that
were not specific, were barred by treating with 5% w/v of non-fat dry milk
in Tris-buffer saline Tween-20 (TBST) (25 °C, 60 min). Then, the blots were
incubated for 12 h using distinct antibodies on 4 °C and washed thrice by
using TBST (5 min every time). HRP-conjugated secondary antibody was
employed for re-incubating the blot (in 1:20,000 dilution, 25 °C) for nearly
60 min. The membrane (ThermoFisher Scientific) was developed on film
(CLXposure, 8x10in) with the help of chemiluminescent substrate.
Primary antibodies of mTOR (Cell Signalling Technology, Danvers, USA)
were used in a specific dilution (1:500) in 5% w/v of BSA in TBST-T. Image J
software (NIH, Washington, USA) was applied for protein band densito-
metry assay with B-actin as internal standard.

In vitro anti-cancer effects of NL-mTOR-siRNA

The decrease in the concentration of viable cells was assessed using MTT [3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay after NL-
mTOR-siRNA treatment as per established protocols [38] and relative inhibition
was computed as (Abs control — Abs treatment)/Abs control X 100%.

In vitro metastasis assay including adhesion assay [39], Matrigel invasion
assay [38] and scratch assay [38] were performed following methods of
previous researchers to assess the anti-metastatic potential of NL-mTOR-
siRNA against MCF-7 cells. In brief, the MTT experiment was conducted to
determine cell adhesion rate (%) and was calculated as OD treated/OD
control X 100%. Likewise, the matrigel invasion test was conducted by
employing a transwell (Sigma-Aldrich) with an 8.0 um pore size with help
of haematoxylin and eosin (H&E) stains. In the scratch assay, the decrease
in migration of cells into wounded monolayer after treatment with NL-
mTOR-siRNA was determined using a phase-contrast microscope (Leica).

In vivo anti-tumour study

Female Sprague Dawley (SD) rats were acquired from the animal house,
Birla Institute of Technology, Mesra, Ranchi (1972/PH/BIT/113/20/IAEC) and
the entire survey was carried out as per the Institutional Animal Ethics
Committee regulations. Rodents were housed in polystyrene cages and 55-
day-old rats were employed for in vivo study after 1 week of
acclimatisation to the laboratory environment. Animals were given with
standard pelleted diet together with water ad libitum.

Twenty-four rats were obtained from the animal house facility and split
into four groups (6 animals in each group) to check the effect of NL-mTOR-
siRNA in reducing DMBA-induced breast cancer (Fig. S1) as group | (CTRL/
SD/DMBA—/-), group [I(SD/DMBA+-/+), group Il (SD/DMBA+/4 NL-C-
siRNA) and group IV (SD/DMBA+/+ NL-mTOR-siRNA). Breast carcinoma
was developed as per already established methods. 7,12-Dimethylbenz[a]
anthracene or DMBA (20 mg) in olive oil (0.5 mL) was utilised to develop
breast carcinoma through the air pouch technique [31]. Progression in
tumour development was checked by palpation every 7 days. Following
90 days of cancer induction, animals were treated with NL-C-siRNA (group
lI) and NL-mTOR-siRNA (group V) twice weekly (150 pg/kg body wt.) by
intravenous administration (i.v) for 4 weeks. The dose was selected as per
available literature [40]. Alteration in body weight, as well as tumour
volume, was assessed during the whole experimentation. Two-dimensional
measurement of tumour volume assessed [41] using a Vernier calliper and
calculated as V= 4/37(r,)?r, (where ry is the shortest radius and r, is the
longest radius).

Upon completion of the treatment schedule, cervical dislocation was
done to sacrifice the animals [40]. Subsequently, tumour was separated
and photographed. Tumour growth inhibition rate was calculated as
(1 — Tumour volume of treatment group/Tumour volume of the untreated
group) X 100% [1].

Lastly, part of the isolated tumour tissue was put in liquid N, for
molecular study. Western blot and RT-PCR analysis were done according to
the method described earlier [37] using GAPDH as internal control. Image J
software (NIH, Washington, USA) was applied for the protein band
densitometry assay. The forward and backward sequence of primers of
mTOR and GAPDH gene was given as:

For mTOR: Forward Primer: GCTTTGACGCAGGTGCTAAG Sequence (5'>3’)
(16-35 location), Reverse Primer: TGTCCCCATAACCGGAGTAGG Sequence
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(5’>3") (118-98 location); for GAPDH: Forward Primer: TGGATTTGGACG-
CATTGGTC Sequence (5'>3') (333-352 location), Reverse Primer:
TTTGCACTGGTACGTGTTGAT Sequence (5'>3') (543-523 location).

Alteration in breast tissue morphology was detected through histo-
pathology and Field Emission Scanning Electron Microscopy (FESEM). The
isolated tumour and breast tissues preserved in buffered formalin were
embedded in paraffin wax and fine sections (6-8 um) of these paraffin
blocks were cut using a rotary microtome. Then, the H&E dye staining
technique was employed according to the standard experimental protocol
[31]. FESEM of breast tissue was done after formalin fixation (10%v/v),
dehydration with increasing strengths (70%, 80%, 90%, 100% v/v) of
ethanol and subsequent drying. A FESEM (Sigma 300, ZEISS, Carl Zeiss) was
employed to detect the difference in the architecture of mammary tissues
of various groups [31].

Next, to study the immunohistochemistry of mTOR and Ki-67
(proliferative marker) breast tissues (5-6 um) preserved in buffered
formalin were immunolabelled with Monoclonal rabbit anti-p-mTOR
(Ser2448) (49F9) antibody (Cell Signalling, Danvers, MA, USA) and Ki-67
mouse monoclonal antibody (Thermo Scientific, 50-5698-82 (eBioscience),
MA5-11358, USA), respectively, after peroxide quenching, following a
3-stage protocol of immune-peroxidase. Alteration in immunohistochem-
istry was detected using a high-resolution microscope (Leica DME
microscope; Merck, India) [42].

In vivo uptake into tumour tissue

To estimate in vivo uptake into tumour tissue, a single-dose fluorescently
labelled siRNA was injected after stabilisation of tumour which was assessed
by palpation (90 days after tumour induction). To compare the distribution of
siRNA within tumour, we injected Alexa-555-tagged NL-C-siRNA (in liposomal
formulation) and Alexa-555-tagged naked C-siRNA (without liposomal
formulation) by intravenous administration. 5 pg of Alexa-555-tagged siRNA
as a 200 uL dose was administered intravenously and breast tissues were
harvested at 1-h, 6-h, 48-h, 4-day, 7-day or 10-day intervals.

For immunofluorescence analysis, breast tumour tissues were collected
after sacrificing the animal and quickly frozen in an OCT medium. A thin
slice (30 pm) was dissected out and acetone fixed. Then, slides containing
tissues were rinsed with PBS followed by staining with 1.0 ug/mL DAPI
(4 6-diamidino-2-phenylindole) for 10min (for staining the nuclei),
cleansed, added with propyl gallate and a coverslip was placed and
observed under a confocal microscope (FLOWVIEW, Olympus) [27].

Tissue distribution study

To examine the distribution of siRNA into different organs, animals were
treated with Alexa-555-tagged NL-C-siRNA (in liposomal formulation) and
Alexa-555-tagged naked C-siRNA (without liposomal formulation) and
euthanised after 4 h. Tissues obtained were subjected to homogenisation,
centrifugation and fluorescence intensity of supernatants collected were
measured through a plate reader (Bioscan, Washington, DC) at a
wavelength of 555/565 nm. The quantity of siRNA present in each sample
was determined using a standard curve [43].

Pharmacokinetic experiment

Animals were administered with a single dose of 5 g Alexa-555 tagged
NL-C-siRNA (in liposomal formulation) and Alexa-555 tagged naked
C-siRNA (without liposomal formulation) as a 200 pL dose by intravenous
administration via tail vein. Blood was withdrawn from the retro-orbital
sinus of experimental animals under anaesthesia at different time points (2,
12, 24, and 48h), centrifuged and fluorescence intensity was measured
through a fluorescence plate reader (Bioscan, Washington, DC). Alexa 555
excitation/emission wavelength was 555/565 nm [22].

In vivo apoptosis study through TUNEL assay

The paraffin-embedded breast tissue sections (30 mm) of each experi-
mental group were subjected to TUNEL assay to determine their intra-
tumoural late-stage apoptosis. The tissues were stained using ClickiT plus
TUNEL assay kit (Thermo-Fisher) containing Alexa Fluor 594 for in situ
detection of apoptosis according to the product manual and viewed under
a confocal microscope (FLOWVIEW, Olympus) [31].

Preliminary biotoxicity assessment
Healthy animals were employed to carry out the experimentation by
distributing them into three groups with six rats in each group. An identical
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treatment protocol to that of the anti-tumour efficacy study was followed to
assess preliminary biotoxicity of siRNA-loaded nano-formulation.

Alteration in body weight was examined by comparing body weights of
animals at the end of the experimental period to determine any toxic
effect caused by liposomal formulations.

Animals were sacrificed on completion of their treatment period and
major organs including kidney, lungs, liver, heart, spleen and brain were
removed and alteration in histopathology of tissues (6-8 mm) was
observed after H&E staining using a microscope (Leica) [22].

Further, biochemical alteration in glucose (Glu), alkaline phosphatase
(ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT),
creatine kinase (CK), high-density lipoprotein cholesterol (HDL), low-
density lipoprotein cholesterol (LDL), albumin (ALB), uric acid (UA),
triglyceride (TG), total cholesterol (TC) and total protein (TP) [38] was
assessed.

Statistical analysis

One-way analysis of variance (ANOVA) with Bonferroni's multiple
comparison tests was employed to establish statistical significance within
data obtained from this investigation by taking a uniform sample size. The
significance level was assessed at p < 0.05. Data obtained were denoted as
mean + standard error of mean (SEM).

RESULTS

Characterisation of siRNA-loaded neutral liposomal
nanoparticle

In this study, we synthesised neutral nano-liposome using DOPC
and characterised it (Fig. 1). DOPC-based empty liposome (NL)
were found to have PS of 65.34+0.58 nm (Fig. 1a) with PDI
0.319 £ 0.04; after siRNA encapsulation (NL-C-siRNA), it displayed
small enhancement in size, i.e. 74.12+£0.58 nm (Fig. 1b). Lipo-
somes having charges between +10 and —10 mV are considered
neutral [44]. Zeta potential was detected as —1.04 and —1.53 mV

for NL and NL-C-siRNA, respectively (Fig. 1¢, d). Loading efficiency
obtained was 70% as analysed with UV-vis spectrophotometer,
implying efficient loading of siRNA, which was beneficial for
delivery. Surface morphology of NL-C-siRNA assessed by TEM
(Fig. 1e), FESEM (Fig. 1f) and AFM (Fig. 1g) confirmed a
multifaceted, smooth surface with an almost spheric shape.

Release of siRNA is demonstrated with two different pH (Fig. 1h)
depicting more release at pH 5.5 than at pH 7.4, i.e. gradual in both
pH over a period of 48 h. The release was continued up to 72h
before reaching the stationary phase. Further, the cumulative release
reached nearly 80% after 96 h without an initial burst release effect.

Stability, being an essential criterion, was examined in RT, 4 °C
or —20 °C (Fig. S2). As per pictographs, PS and PDI of NL and NL-C-
siRNA liposomes exhibited minor diversion up to a tolerable limit
in 28 days of incubation at —20°C temperature, indicating the
absence of particle aggregation. However, powder stored at 4 °C
and RT showcases diversified particle size and varied PDI on
rehydration, probably the reason being the fluctuating humidity
levels. Further, DOPC, a zwitterionic lipid in physiological pH is
having a fluid phase temperature of —22°C [45], maybe the
reason for instability at 4 °C and RT.

The haemolytic nature of liposomes was checked in blood
collected from experimental animals (Fig. 2a, b). No visual
haemolysis was observed in the negative control group (PBS)
and low haemolysis (3.8%) in the experimental group (NL-C-siRNA)
with obviously broken erythrocytes visible in the positive control
group (treated with Triton X-100), indicating good haemocompat-
ibility of formulation.

In vitro cellular uptake of siRNA-loaded liposome
Owing to their significance in course of gene transfection, the
expanse of cellular uptake of siRNA preparations into MCF-7 cells
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was tested and evaluated both qualitatively by CLSM (Fig. 2c) and
quantitatively by flow cytometry (Fig. 2d). Internalisation of naked
C-siRNA into MCF-7 cells were very low marked by a faint band of
red fluorescence. On the contrary, encapsulating siRNA cargo into
the liposomal carrier (NL-C-siRNA) resulted in a visible increase in
fluorescence intensity depicting enhanced cellular internalisation.
Further, flow cytometry analysis demonstrated tremendous
internalisation (78%) of NL-C-siRNA, which might be associated
with higher loading efficiency.

In vitro anti-cancer effects of NL-mTOR-siRNA

mTOR inhibitory potential of NL-mTOR-siRNA estimated through
in vitro ELISA was shown in Fig. S3. No significant alteration in mTOR
level was observed on treatment with NL-C-siRNA compared to
untreated cells; however, the evident reduction was observed on
NL-mTOR-siRNA (50 nmol/L) treatment (p <0.001) implying its
mTOR silencing potential. Likewise, 25 nmol/L of NL-mTOR-siRNA
is capable of reducing the mTOR expression (p < 0.001) as verified
through western blot analysis (Fig. 3a).

Elevated mTOR expression is coupled with a lower survival rate
and aggressive tumour growth [35]. Efficacy of mTOR knockdown
by siRNA in inhibiting MCF-7 cell growth was asserted through
MTT assay (Fig. 3b, c), illustrating the degradation of cancer cells in
a concentration-dependent manner on NL-mTOR-siRNA treatment
(ICs0 = 25.36 nmol/L).

Prevention of tumour metastasis is a vital aspect of carcinogen-
esis management [28]. The prominent role of mTOR in mammary
carcinogenesis prompted us to investigate the potency of NL-
mTOR-siRNA to influence in vitro breast cancer metastasis, which
signified remarkable suppression in MCF-7 cell invasion (Fig. 3d, f)
and migration (Fig. 3e, g) along with less cell adhesion at every
time point (Fig. 3h) after depletion of mTOR by NL-mTOR-siRNA.
This result advocates the involvement of mTOR in breast cancer
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metastasis and validates the capability of NL-mTOR-siRNA to
restrict breast cancer metastasis successfully.

In vivo siRNA uptake and pharmacokinetic study

The specific distribution of siRNA at tumour sites at the optimum
therapeutic amount is required for in vivo anti-tumour therapy. In
vivo uptake into mammary tissues of SD/DMBA+/+ assessed
through confocal microscopy (Fig. 4) images established a greater
intracellular fluorescence signal in tissue section of animals
administered with Alexa-555 tagged NL-C-siRNA; however, the
fluorescence intensity in tissues of animals given with Alexa-555
tagged naked C-siRNA was very less. It confirms the deep cytosolic
distribution of siRNA within the tumour. The above data suggest
that encapsulation of siRNA into liposomal formulation enhanced
uptake of siRNA in breast cancer tissues. Additionally, diffusion of
Alexa-555 labelled siRNA into major organs (heart, liver, lung,
kidney and spleen) was determined, indicating significant deposi-
tion and retention of siRNA nanoliposomes in the liver and spleen
(Fig. S4A). The reason behind this deposition may be the presence
of specialised cells in both liver (hepatocyte) and spleen
(lymphocytes and erythrocytes). Being functional organs of the
mononuclear phagocytic system (MPS) or reticuloendothelial
system (RES), both these organs have a leaky vasculature
[46, 47] that allows plasma protein to cross the endothelial
membrane and promote lymphatic drainage [48]. Likewise, siRNA
liposomal nanoparticles due to their nanosized characteristic
extravasate through this fenestration and are then, engulfed by
RES resulting in its accumulation in these organs [46].

The pharmacokinetic study was carried out to quantitatively
determine the circulation time of siRNA cargo in blood by
administering a single dose of fluorescent siRNA (Fig. S4B). It is
noted that the plasma concentration of siRNA without a carrier
(naked C-siRNA) was very less due to rapid clearance from
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Fig. 3 In vitro activity of mTOR siRNA-loaded neutral liposome. a In vitro mTOR inhibitory activity of NL-C-siRNA (50 nmol/L) and NL-mTOR-

siRNA (25 nmol/L) using western blot analysis. b Pictorial representation and ¢ graphical representation of MTT assay for cell viability analysis
following treatment of MCF-7 cells with NL-C-siRNA (50 nmol/L) and NL-mTOR-siRNA (10, 25 and 50 nmol/L). d, f Inhibitory effects of NL-C-
siRNA and NL-mTOR-siRNA on the invasion of MCF-7 cells as represented by photomicrographs and graph showing in vitro invasion and
measured using transwells coated with Matrigel. e, g Representative photomicrographs of wounded monolayers of MCF-7 cells taken at 24 h
to determine the effect of NL-C-siRNA and NL-mTOR-siRNA on the migration of MCF-7 breast cancer cells. The migration was estimated by
measuring the cells within the wounded region after 24 h. h Cell adhesion rate of MCF-7 cells at 30, 60 and 90 min after treatment with NL-C-
siRNA and NL-mTOR-siRNA respectively. The data are represented as mean +SEM, n=3 and significance of difference is indicated as
**%p < 0.001 and "°p > 0.05. (NL-C-siRNA control siRNA-loaded neutral liposome, NL-mTOR-siRNA mTOR-siRNA-loaded neutral liposome, MTT

[3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]).

systemic circulation within 15 min following intravenous injection.
In contrast, liposomal nano-carrier (NL-C-siRNA) provides good
stability and prolonged circulation time since encapsulation into
DOPC shields siRNA cargo by forming lipid bilayers and prevents
degradation by enzymes and rapid elimination through kidney
upon intravenous administration, leading to boosted efficacy [1].

mTOR silencing induced in vivo anti-cancer activity

Changes in anatomical parameters are directly linked to physio-
logical irregularities [49]. From Fig. S5A, we can observe that a
single dose of carcinogen caused marked regression (p < 0.001) in
body weight (group II, lll and IV) opposite to non-cancerous rats
(group I). However, mTOR depletion by NL-mTOR-siRNA treatment
enhanced (p < 0.001) the body weight of animals (group IV).

The mammary tumour was noticeable 14 days after subcuta-
neous injection of 20 mg of DMBA and attain promotional phase
after three months [50]. Anti-tumour therapy with NL-mTOR-siRNA
(group V) done at this phase resulted in marked tumour regression
(p <0.001) as compared to other groups (SD/DMBA+/+ and SD/
DMBA+/+ NL-C-siRNA) (Fig. 5a, b). Further, at the end of the
treatment schedule (28 days), tumour growth inhibition (Fig. S5B) in
group IV (SD/DMBA-+/+ NL-mTOR-siRNA) was significantly higher
(p <0.001) validating the therapeutic potential of NL-mTOR-siRNA.

Morphological alterations in breast cancer tissues evaluated by
FESEM (Fig. 5c) indicated membrane ruffles (MR) along with
compact microvilli (MV) covering, depicting the invasiveness of
breast cancer. Also, collagen fibres deriving from adjacent

matrices were found crosslinking with each other to produce a
network. However, treatment with NL-mTOR-siRNA markedly
reduced MR and MV along with the prominent reduction in
collagen fibre network that almost disappeared, advocating the
efficacy of NL-mTOR-siRNA.

According to the results of the histopathological study (Fig. 5d),
normal mammary tissue (CTRL/SD/DMBA—/—) was characterised
by normal parenchyma, acini and ductules. Further, interstitial
tissue made up of fatty tissues was seen along with thin layers of
connective tissue lining lobular units. A thick layer of basement
membrane surrounding the ductal epithelial cells can be seen
along with a single layer of dark cells surrounding acini. However,
a distorted breast tissue architecture was observed in group Il (SD/
DMBA+-/+) portrayed by ductal hyperplasia indicated as irregular
breast ducts near the proliferating lumen. Abnormally large
alveolar cells and cribriform pattern of the cells signified
proliferative lesions. The widespread proliferation of epithelial
cells results in fused glandular structure representing ductal
carcinoma (adenocarcinoma). Neoplastic transformation of the
epithelial ductal cells is also evident and characterised by nuclear
polymorphism (abnormal increase in the nucleus), hyper-chroma-
tinization and chromatid clumping. Administration of NL-C-siRNA
in group Il (SD/DMBA+/+ NL-C-siRNA) shows no evidence of
restoration of cellular morphology. On the other hand, NL-mTOR-
siRNA intervention (SD/DMBA+/+ NL-mTOR-siRNA) causes ame-
lioration in the cellular anomalies of the breast tissue depicted by
alleviated cell proliferation and inversion of ductal hyperplasia
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resulting in a certain degree of restoration in the breast ducts and
fatty tissues. This observation characterises return of normalcy in
NL-mTOR-siRNA treated group.

Western blot (Fig. 6a) and RT-PCR (Fig. 6b) analysis carried out
on mammary tissues demonstrated a highly significant (p < 0.001)
increase in expressions of mMTOR protein and mRNA in SD/DMBA
+/+ animals as compared to CTRL/SD/DMBA—/— animals. NL-
mTOR-siRNA proficiently reimposed the alteration towards nor-
malcy, signifying gene silencing efficacy of NL-mTOR-siRNA. No
significant change in NL-C-siRNA-treated group was observed.
Immunohistochemical analysis (Fig. 6¢) was performed to support
the results obtained in western blot and RT-PCR analysis, which
revealed a significant reduction in mTOR expression in tumour
tissue following target gene silencing by NL-mTOR-siRNA.

To examine the effect of NL-mTOR-siRNA on the proliferation
kinetics of tumour cells, Ki-67 expression was estimated through
immunohistochemistry of cancer tissues (Fig. 6d). An elevated
level of Ki-67 positive (brown colouration) was detected in SD/
DMBA+/+ animals. This proliferation rate was found to be
decreased highly in SD/DMBA+/+ NL-mTOR-siRNA group due to
the protection provided by NL-mTOR-siRNA treatment.

mTOR silencing invoked tumour growth inhibition by
inducing apoptosis

A TUNEL assay was performed on the tumours excised from
experimental animals and the rates of apoptosis were enumerated
for further exploiting the mechanism associated with the anti-
tumour activity (Fig. 7a, b). Minimal purple fluorescence signals
denoting Alexa Flour 594 were visible in the SD/DMBA+/+ rats.
While cancer-induced animals treated with NL-mTOR-siRNA (SD/
DMBA+/+ NL-mTOR-siRNA) revealed significantly advanced
apoptosis. Thus, the extent of intra-tumoural apoptosis and
TUNEL positive cells, respectively, clearly suggested the successful
tumour growth inhibition by mTOR downregulation.

British Journal of Cancer (2022) 127:2207 -2219

Preliminary biotoxicity assessment of siRNA-loaded liposomal
particle

Toxicity caused by systemic administration of siRNA is widely known.
Thus, the safety of siRNA-loaded liposomes was preliminarily
assessed in healthy rats. Intravenous injection of NL-mTOR-siRNA
for 28 days does not invoke any kind of toxic effect on animals. We
did not observe any sign of behavioural alteration as compared to
normal animals. Alteration in body weight, histopathology and blood
biochemistry parameters were studied for bio-toxicity investigation.
Animal weight was not varied substantially amongst various groups
(Fig. S5C) indicating no significant effect on the eating and drinking
habit of animals. No signs of pathological alterations and biotoxicity
(such as; oedema, lesion, bleeding, inflammation, hyperaemia, or any
other reactions) [38] were observed in histological analysis (Fig. 8).
Moreover, non-significant differences were found in biochemical
indicators of all groups (Fig. S6), with all these parameters neither
aberrantly higher nor lower suggesting non-toxic nature of NL-
mTOR-siRNA in experimental animals.

DISCUSSION

Statistics from the International Agency for Research on Cancer of
the World Health Organisation (WHO) reported that breast cancer
has become the most regularly spotted cancer throughout the
world and has been continuously increasing in the past decade
because of treatment failure and disease recurrence [1]. The
emergence of RNAi technology involving siRNA as therapeutic
drugs has been a game-changer in addressing these issues but its
translation into the clinical setting faces obstacles of shorter half-
life, inadequate uptake and toxicity [15]. In accordance with our
findings, a neutral nano-liposomal carrier system entrapping a
high amount of mTOR-siRNA can be an efficient platform in
providing significant silencing efficacy against mTOR that further
inhibits the growth and progression of mammary carcinogenesis.
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in tumour volume of cancer-bearing mice following treatment with NL-C-siRNA and NL-mTOR-siRNA. b Images of tumours of each group excised
after the end of the treatment protocol. ¢ Photomicrographic depiction of breast tissues isolated from different experimental groups as analysed
by FESEM to determine the structural and morphological alterations. d Histopathological evaluation (x400) of breast tissues obtained from
different groups of experimental animals, where scale bar represent 50 um section. Normal control: CTRL/SD/DMBA—/—, induced control: SD/
DMBA+/+, cancerous animals subjected to treatment with NL-C-siRNA: SD/DMBA+/+ NL-C-siRNA, cancerous animals subjected to treatment
with NL-mTOR-siRNA: SD/DMBA-+/+ NL-mTOR-siRNA. The data are represented as mean + SEM values and n = 6, ***p < 0.001 and "*p > 0.05. (NL-
C-siRNA control siRNA-loaded neutral liposome, NL-mTOR-siRNA mTOR-siRNA-loaded neutral liposome, DMBA 7,12-dimethylbenz[a]anthracene,
SD Sprague Dawley, FESEM field emission scanning electron microscope).

In the present study, neutral liposome has been synthesised membrane containing pores of around 100-780 nm size permit
using DOPC. Enhancement in size of particles has been noticed entry of nanoparticles by passive diffusion, known as the
following siRNA complexation, suggesting multilayer formation, enhanced permeability and retention (EPR) effect [56]. Hence,
beneficial for siRNA encapsulation [51]. PDI values smaller than 0.3 nanoparticles with particle sizes smaller than 100 nm provide ideal
indicates homogeneous dispersion of particles [52]. Limited silencing of targeted genes and allow better tumour penetration
variations in particle size and PDI confirmed NL-C-siRNA to be and accumulation [57]. Positive/negative/neutral charge on
stable in storage allowing its use for experimental purposes. formulation affects their uptake into various cancer tissues [58].
Further, once packaged, siRNAs are stable, resistant to degrada- Neutral liposomal particles move faster than cationic (>10 mV) and
tion by serum nucleases and show sustained release from anionic (<—20mV) liposomes in a hydrogel mimicking tumour
liposomes that characterised their haemocompatibility behaviour environment as observed by Lieleg et al. [59], indicating high
in bloodstream [53]. Synthesised nano-formulation showed tumour penetrability. Likewise, Nomura et al. [60] reported a

sustained release over a prolonged period in physiological greater accumulation of neutral liposomes in highly perfused
conditions favouring tumour accumulation [1]. Moreover, siRNA areas (184 times more than cationic liposomes). The non-specific
release was better at pH 5.5 which resembles tumour micro- micropinocytosis mechanism facilitates the uptake of neutral
environment as compared to physiological pH, 7.4 [29]. The liposomes into cells, facilitating endosomal escape because of

pharmacokinetic study displayed a higher percentage of siRNA leaky macropinosomes [61]. Hence, using neutral lipid-like DOPC,
remaining in blood up to 48 h following encapsulation, owing to provide a balance between proficient siRNA uptake by tumour
the employment of neutral lipids that provide long blood cells and discharge of siRNA contents from liposome to the
circulation by shielding siRNA from degradation. cytoplasm following cellular internalisations [27]. Together these
Generally, efficient cancer therapeutics needs a higher accu- data, supported neutral liposomes as a potential nanocarrier with
mulation of drug at tumour site [1]. Encapsulated siRNA exhibited an adequate tumour accumulation and efficient endosomal
significant uptake into breast cancer cells in flow cytometry and escape, endorsing its employment for in vivo experimentations.
CLSM because nanoparticles with an average particle size of mTOR, a prime driver of cell survival and drug resistance, is
100 nm diameter express better cellular uptake [54]. Further, due overexpressed in nearly all types of cancers. In cancer conditions,
to the hyperproliferative nature of cancer tissue, it requires extra PI3K/ AKT overexpression stimulate phosphorylation and activa-
energy from its neighbouring tissues making tumour environment tion of the mTOR complex by inactivating the p70S6k1/mTOR
more acidic [55]. The unorganised and perforated endothelial complex through negative feedback regulation. mTOR activations
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¢ immunohistochemical analysis for evaluation of mTOR expression in breast tissue depicting therapeutic silencing of mTOR restores
altered mTOR expression following target gene silencing by NL-mTOR-siRNA. d Immunohistochemical observations of proliferation markers
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to treatment with NL-mTOR-siRNA: SD/DMBA+/+ NL-mTOR-siRNA. The data are represented as mean + SEM values and n =6, ***p < 0.001
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dimethylbenz[a]anthracene, SD Sprague Dawley).

promote unchecked mitochondrial process along with ribosomal
biosynthesis and angiogenesis that results in enhanced protein
synthesis for cell growth and proliferation [62-64]. This evidence
suggests mTOR deregulation in mammary carcinogenesis [65]. Ma
et al. [66] pointed out the increased levels of p-mTOR in mammary
carcinoma tissues to that of normal tissues. Further, aberrant
expression of mTOR incites cancer cells to metastasise and invade
adjacent healthy tissues [67], bloodstream and lymphatic system
to form metastasis in distant tissues [68]. mTOR, its upstream PI3K
and downstream S6K play a role in regulating tumour cell motility,
invasion, angiogenesis and metastasis [69-71]. Since metastasis
has a prominent role in cancer-related death, its prevention can be
an important tool for its management [72, 73]. In course of our
experiment, an evident reduction in mTOR expression following
NL-mTOR-siRNA treatment corroborates with mTOR silencing
potential of NL-mTOR-siRNA. Observations of the MTT experiment
provide evidence of cytotoxic effects of NL-mTOR-siRNA against
MCF-7 cells. Furthermore, observations of cell metastasis experi-
ments endorse its efficacy in preventing the way towards tumour
cell adhesion, migration and invasion.

Following the successful establishment of anti-breast cancer
efficacy of NL-mTOR-siRNA in cells, it was evaluated for in vivo anti-
breast cancer potential. The mammary gland of rat is extra sensitive
toward the development of tumour and replicates human
mammary carcinogenesis, for which rats are generally used to
determine the anti-tumoural efficacy of various therapies [74]. Our
investigation is the first in producing proof of breast tumour
inhibition by in vivo knockdown of mTOR using NL-mTOR-siRNA
(i.v.) as a therapeutic drug. Anatomical alterations like changes in
body weight indicate abnormalities and physiological anomalies.
Reduced body mass index reflects cancer cachexia. Deduction in
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body weight, anorexia, muscle fatigue, early satiety, malabsorption,
altered body metabolism and unspecific anaemia are prominent
features of cachexia [49]. We found rats administered with NL-
mTOR-siRNA displayed significant improvement in body weight
analogues to findings of past researchers for anti-tumour drugs
[37, 42, 75, 76]. Additionally, tumour volume of rats was alleviated
after treatment with NL-mTOR-siRNA. Photomicrographic images of
histopathology, FESEM, immunohistochemical analysis along with
relative mTOR mRNA and protein expression studies revealed the
therapeutic potential of NL-mTOR-siRNA. Moreover, studies done in
past by employing neutral liposome nanocarrier showed satisfac-
tory in vivo gene silencing results. Landen et al. [27] formulated
siRNA/DOPC neutral liposome to ascertain therapeutic delivery of
EphA2 gene-specific siRNA into tumour, resulting in a subsequent
decrease in protein expression and reduced tumour growth.
Likewise, Halder et al. [26] examined in vivo therapeutic potential
of FAK siRNA in a neutral liposomal (DOPC) construct and observed
a significant downregulation of in vivo FAK expression resulting in
up to 72% reduction in tumour weight.

Ki-67 is a nuclear protein associated with cellular proliferation
which represents the growth factor expressed in dividing cells.
The elevated Ki-67 level denoting abnormal proliferation in DMBA-
induced mammary cancer rats has been well-established [42]. As
per our findings, downregulation of this proliferation marker
following mTOR silencing can propose the chemotherapeutic
potential of NL-mTOR-siRNA.

To clarify the mechanism of NL-mTOR-siRNA invoked tumour
growth reduction, the TUNEL assay was carried out since enough
evidence are available to support the role of mTOR as an
apoptosis inhibitor [7, 77]. Apoptosis, a naturally occurring cell-
death mechanism, is helpful in removing infected, impaired and
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Fig. 7 Induction of apoptosis in DMBA-induced mammary tumours by mTOR siRNA-loaded neutral liposome. a Representative TUNEL
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cancerous animals subjected to treatment with NL-mTOR-siRNA: SD/DMBA+/+ NL-mTOR-siRNA. ***p <0.001, **p <0.01, *p <0.05 and
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Fig. 8 Histopathological analysis of rats treated with or without mTOR siRNA-loaded neutral liposome. H&E staining of vital organs (liver,
heart, kidney, lungs, spleen and brain) tissues to determine biotoxicity isolated from animals belonging to different experimental groups
(x400): Normal control: CTRL/SD/DMBA—/—, animals subjected to treatment with NL-C-siRNA: CTRL/SD/DMBA—/+ NL-C-siRNA, animals
subjected to treatment with NL-mTOR-siRNA: CTRL/SD/DMBA—/+ NL-mTOR-siRNA. Scale bar represent 50 um section. (H&E haematoxylin and
eosin, NL-C-siRNA control siRNA-loaded neutral liposome, NL-mTOR-siRNA mTOR-siRNA-loaded neutral liposome, DMBA 7,12-dimethylbenz[a]
anthracene, SD Sprague Dawley).
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undesirable cells from a living being [78] and thereby regulates
cancer oncogenesis. In relation to the existing data, the result
obtained from our experimentation is very encouraging as
depicted by significantly high apoptotic cell death in breast
cancer tissues following NL-mTOR-siRNA treatment. It indicates
that NL-mTOR-siRNA exerts anti-breast cancer activity through the
apoptotic cell-death mechanism.

Lastly, the need for biotoxicity assessment of NL-mTOR-siRNA
arises before its future employment in clinical trials. During the
experiments, mTOR-siRNA was well tolerated in Sprague Dawley
rats. Histopathological examinations and blood biochemical
parameters indicated no substantial alterations among various
groups, suggesting no evident toxicity of NL-mTOR-siRNA which is
in accordance with previous studies [34] reasoned by limited
toxicologic effects of nano-liposomes on the biological system
[27]. The composition of formulation affects cellular toxicity too.
Liposomes consisting of a higher percentage of neutral lipid
exhibited lesser toxicity [79]. Research done in past showed that
treatment with one/two dose of DOPC-liposome (75-225 pg/kg)
does not evoke any signs of adverse effects [80]. Biodistribution
experiments by Landen et al. revealed considerable deposition of
EphA2-siRNA-DOPC in the liver, kidney, and lung tissues, however,
it is not associated with cytotoxicity [25]. It is analogous to the
findings of Wagner et al. which demonstrated multiple doses of
EphA2-siRNA-DOPC administered to experimental subjects (non-
human) did not exhibit any substantial hepatotoxicity [80].
Further, we have provided potent inhibition of mTOR by injecting
NL-mTOR siRNA (0.15 mg/kg) which is 60-120 times smaller in
contrast to another research where 10mg/kg of cationic
liposomes-siRNA was being administered [81]. These biotoxicity
data indicated that NL-mTOR-siRNA does not contain toxicity for
further clinical development.

In summary, according to our knowledge, this experiment is the
first in describing the effectual delivery of mTOR-siRNA to DMBA-
induced breast cancerous rats via DOPC-based neutral nanolipo-
somes. Consequently, a profound reduction in tumour growth,
proliferation and invasion was ascertained following extensive
downregulation of mTOR expression, thereby providing a proof of
concept of an RNAi-based therapeutic strategy of NL-mTOR-siRNA
as a superior choice for the management of breast carcinoma. Due
to the prominent role of mTOR in apoptosis and autophagy, it can
be noted that NL-mTOR-siRNA may exert anti-carcinogenic action
by upregulation of pro-apoptotic protein, which needs further
study and validation. Subsequently, it provides definite ground for
use of NL-mTOR-siRNA in humans after the successful establish-
ment of clinical trials.
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