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1 | INTRODUCTION

Abstract

Obijectives: In our ongoing studies to develop ER targeting agents, we screened for
dual-acting molecules with a hypothesis that a single molecule can also target both
ER positive and negative groups of breast cancer.

Materials and methods: 1-(2-(4-(Dibenzol[b,f]thiepin-10-yl)phenoxy)ethyl)piperidine
(DTPEP) was synthesized and screened in both MCF-7 (ER+ve) and MDA-MB-231
(ER-ve) cells. Assays for analysis of cell cycle, ROS, apoptosis and MMP loss were car-
ried out using flow cytometry. Its target was investigated using western blot, trans-
activation assay and RT-PCR. In vivo efficacy of DTPEP was validated in LA-7
syngeneic rat mammary tumour model.

Results: Here, we report identification of dual-acting molecule DTPEP that downre-
gualtes PISK/Akt and PKCa expression, induces ROS and ROS-dependent apoptosis,
loss of mitochondrial membrane potential, induces expression of caspase indicative
of both intrinsic and extrinsic apoptosis in MCF-7 and MDA-MB-231 cells. In MCF-7
cells, DTPEP downregulates ERa expression and activation. In MDA-MB-231 cells,
primary cellular target of DTPEP is not clearly known, but it downregualtes PI3K/Akt
and PKCa expression. In vivo study showed regression of LA-7 syngeneic mammary
tumour in SD rat.

Conclusions: We identified a new dual-acting anti-breast cancer molecules as a proof
of concept which is capable of targeting both ER-positive and ER-negative breast

cancer.

targeting ER through competition with endogenous oestrogens to block
its tumour promoting action.? Tamoxifen (TAM) is the first in class non-

steroidal anti-oestrogen drug which is still used for ER-positive breast

Breast cancer in the majority of subjects are hormone sensitive and
promoted by oestrogens.1 The key role of oestrogens in ER-positive

hormone sensitive breast tumours is the core of developing drugs

Abbreviation: CCCP, carbonyl cyanide m-chlorophenylhydrazone; DAPI, 4/,
6-diamidino-2-phenylindole; DCFH-DA, 2,7-dichlorodihydrofluorescein diacetate; E,,
17B-estradiol; ER, oestrogen receptor; JC-1, 5,5,6,6"-tetrachloro-1,1',3,3"-tetraethylben-
zimidazolylcarbocyanine iodide; MMP, mitochondrial membrane potential; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NAC, N-acetyl-L-cysteine;
PCNA, proliferating cell nuclear antigen; PI, propidium iodide; PKC, protein kinase c; pri-
mary cells, primary breast cancer cells derived from ER-ve breast adenocarcinoma tissue
of breast cancer patient; PR, progesterone receptor

cancer patients.3 In addition to acting on ER as an anti-oestrogen,
tamoxifen is also known to have some other off-target effect due to
which it shows some degree of efficacy against ER-negative breast
cancers.*® We have previously reported 1-(2-(4-(Dibenzolb,f]thiepin-
10-yl)phenoxy)ethyl)piperidine (DTPEP) compound designed to target
ER as anti-cancer agent.” Here, we are reporting detailed mechanism
of lead compound DTPEP in both ER-positive and ER-negative breast
cancer cells.
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2 | MATERIALS AND METHODS

2.1 | Synthesis of DTPEP

The lead compound DTPEP and tamoxifen share structural similarity
as shown in Figure 1A. DTPEP was synthesized, purified and char-
acterized according to our previously reported method (supplemen-

tary data).’?

2.2 | Plasmids

The 2xERE-pS2-bearing pGL3-luc plasmid, ERa (pSG5-mER«) plas-
mid and ERp (pSG5-hERp) plasmid were kind gifts from Prof Malcolm
G. Parker, Imperial Cancer Research Fund, London, UK.X® The pRL-

luc plasmid was procured from Promega (Wisconsin, Madison, USA).

2.3 | Cells and cell culture condition

Breast cancer cell lines MCF-7 (ER positive), MDA-MB-231 (ER nega-
tive), MCF-10A (non-tumourigenic epithelial cell line) and LA-7 (rat
mammary tumour cell line) were obtained from ATCC (Manassas,
Virginia, USA). HEK-293 (human embryonic kidney epithelial cell line)
cells were obtained from institutional repository of CSIR-CDRI. MCF-
7, MDA-MB-231 and HEK-293 were maintained in DMEM. MCF-10A
was maintained in DMEM phenol red supplemented with 10% horse
serum, 100 ng/mL cholera toxin, 20 ng/mL epidermal growth factor,
500 ng/mL hydrocortisone and 10 pg/mL insulin. LA-7 (rat mammary
cancer cell line) was maintained in DMEM phenol red supplemented
with 10% FBS, 50 nmol/L hydrocortisone and 5 pg/mL bovine insulin.

2.4 | Primary cell culture from breast
adenocarcinoma tissues

The study was ethically approved by the Institutional Human Ethics
Committee of King George's Medical University (6610/Ethics/R.
Cell-15) and CSIR-CDRI (CDRI/IEC/2017/A5). Breast cancer patients
were recruited at the Department of Surgery, King George’s Medical
University, Lucknow, India. Clinically and histologically confirmed
ER-negative high-grade infiltrating ductal breast carcinoma tissue
were only used for primary cell culture studies. Primary cell culture
was carried out as per previously described method.!? In brief, tis-
sues were collected in DMEM-F12 containing antibiotic, minced
and incubated with 1 mg/ml collagenase and DNase (2 mg/mL) in
DMEM-F12 for 2 hours at 37°C with periodic mixing, digested tis-
sue was mechanically dissociated by repeated pipetting and resus-
pended in 10 mL of fresh DMEM-F12. Suspension was cetrifuged
and supernatant containing cells were separated from tissue clumps,
washed twice with DMEM-F12 containing 10% FBS, transferred into
culture flasks and incubated at 37°C with 5% CO.,,.

2.5 | MTT assay

MTT assay was carried out as previously described.?
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FIGURE 1 (A) Strucure of tamoxifen (TAM) and DTPEP. (B)
Colony formation and DAPI staining of MCF-7 cells after the
treatment of DTPEP and TAM at various concentrations for 24 h.
(C). White light microphotograph (10X maginfication), colony
formation on 7th day post-treatment withdrawal and DAPI staining
(10X maginfication) of MDA-MB-231 cells after treatment of
DTPEP and TAM at various concentrations for 24 h. (D). White
light microphotograph of primary cells and colony formation on 7th
day post-treatment withdrawal in primary cells after treatment of
DTPEP and TAM at various concentrations for 24 h

2.6 | Colony formation assay

Cancer cells were seeded at the rate of 5000 cells per well in six-well
culture plate and incubated overnight. Cells were treated with com-
pound for 24 hours. Then, media along with compound were washed
with PBS and incubated in fresh DMEM media for 7 days. At the end of
incubation period, media were removed, cells were fixed with metha-

nol, stained with 0.4% crystal violet and images were captured.
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2.7 | DAPI staining

Cells were seeded at a density of 10 000 cells per well in four-well glass
chambers slide and grown overnight. Then, cells were treated with com-
pound for 24 hours, washed and fixed with 4% paraformaldehyde. Cells
were stained with DAPI (0.5 mg/mL) for 30 minutes at 37°C, observed
under fluorescent microscope and image of random fields from each

group were captured (Leica, Wetzlar, Hesse, Germany) using blue filter.*®

2.8 | Cell cycle analysis

Cell cycle analysis was carried out as previously described.’* The
percentage of DNA content at different phases of the cell cycle was
analysed using FACS Calibur flow cytometer (Becton-Dickinson,
Franklin Lakes, NJ, USA) and analysed with CellQuest software

(Becton-Dickinson).

2.9 | Annexin V-FITC and Pl staining

Assay was carried out as previously described using Annexin V-FITC
and PI kit as per manufacturer instructions (Sigma, St. Louis, MO,
USA).Y® Live, apoptotic and necrotic cell populations were differenti-

ated using flow cytometer (Becton-Dickinson).

2.10 | Measurement of intracellular ROS

Cancer cells were plated in the density of 1 x 10° cells/well in six-
well culture plates for 24 hours. Cells were treated with compound
for 24 hours and then cells were trypsinized, fixed in 1 mL methanol,
stained with DCFH-DA stain (2 pg/mL) for 30 minutes at 37°C fol-
lowed by PBS washing twice. The stained cells were measured for
ROS accumulation using flow cytometer (Becton-Dickinson).

2.11 | Measurement of mitochondrial
membrane potential

MMP assay was carried out as previously described.!® The change in
the MMP was estimated by calculating the ratio of fluorescence at
590 nm (green) and 530 nm (red).

2.12 | Western blotting

Cells from various treatment groups were washed with ice-cold
PBS, lysed in RIPA buffer containing phosphatase and protease
inhibitor cocktail (Sigma-Aldrich). Lysates containing equal amount
of protein were electrophoresed and transferred to PVDF mem-
brane (Millipore, Bangalore, Karnataka, India), probed with appro-
priate primary antibodies. Blots were developed using ECL solution
(Immobilon; Millipore, Billerica, MA, USA) and scanned with gel
documentation system (ImageQuant LAS4000, GE, Piscataway,
NJ, USA).Y Each experiment was repeated minimum three times.

Quantitation of band intensity was carried out by densitometry

Proliferation:
using Quantity One 1-D analysis software version 4.6.6 (Biorad,
Hercules, California, USA).

2.13 | RT-PCR and quantitative real-time PCR

Total RNA was extracted from the cells of various treatment groups
using Trizol (Invitrogen, Carlsbad, CA, USA). cDNA synthesized
with RevertAid H Minus Reverse Transcriptase cDNA synthesis kit
(Fermentas, Burlington, Ontario, Canada) using 2 pg of total RNA.
Quantitative PCR was performed for assessing the expression of se-
lected genes using SYBR Green (Roche, Indianapolis, IN,). Relative gene
expression levels were determined using quantitative real-time PCR
(LightCycler480; Roche) and fold change in expression of different
genes were determined after normalizing with 185.28 Experiments were
repeated three times and data were expressed in mean fold change +SE.

The details of primers used are shown in supplementary Table S1.

2.14 | Immunofluorescence staining

MCF-7 cells were grown in four-well chamber slides at the rate
of 1x10° per well (Pocheon, Gyeonggi-do, South Korea) and
treated with vehicle and test compounds for 30 min with or with-
out pretreatment of 10 nmol/L of estradiol (E,). Cells were then
fixed in methanol and acetone in 1:1 ratio at 4°C, permeabilized
with 0.1% triton X-100, washed with PBS and blocked with 2%
BSA. Furthermore, incubated with ERa antibody for overnight
followed by 1-hour incubation with fluorescence-tagged second-
ary antibody, then counter-staining done with DAPI for 5 min-
utes. Images were captured at 40X magnification with confocal
microscope.’

2.15 | Invivo efficacy study in LA-7 derived
syngenic rat mammary tumour

All experimental procedures were done according to standard
protocols approved by Institutional Animal Ethics Committee
(IAEC/2014/89). In brief, 6 x 10° LA-7 cells were transplanted
orthotopically into mammary fat pad of adult female Sprague
Dawley (SD) rats. When tumours became measurable, animals
were randomized and divided into four groups (n = 4). Two groups
were orally administered with DTPEP (10 and 20 mg/kg body
weight per day), one group orally administered with tamoxifen
(20 mg/kg body weight per day) for 25 days and remaining group
used as negative vehicle control. Tumour size and body weight
were measured on every fifth day. Tumour volume was calculated
using formula, V = [(Length) x (Width)2]/2.% Finally, tumours and
other organs were collected in RNA later as well as 10% neutral-
buffered formalin while lungs were collected in Bouin’s solution.2°
Percentage of tumour incidence was calculated as percentage of
tumour-bearing rats in a group divided by total rats in that group
while percentage of tumour burden was calculated as percentage
of total final weight of ex situ tumours of a group divided by total
final weight of animals in that group.
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2.16 | Haematoxylin and eosin staining

Approximately 5.0 um thick sections were prepared from mammary
tumour tissues collected from different groups and stained with
haematoxylin and eosin using standard method.?! Stained tissue
section was mounted with coverslip, observed under microscope
and randomly selected fields of each group were recorded.

2.17 | Immunohistochemistry of ERax and PKCx

Mammary tumours tissue sections were deparaffinized, rehydrated in
PBS, pre-treated at 60°C for 30 minutes for antigen retrieval, blocked
in 5.0% BSA for 2 hours and subsequently incubated with antibody
ERa (MC-20) and PKC a (C-20) at 1:1000 dilution in 2.0% BSA in a hu-
midified chamber at 4°C for overnight. Tissue sections were washed
with PBS and incubated with SuperPicture polymer detection kit (Cat.
no. 87-8963; Invitrogen) containing horseradish peroxidase conjugated
secondary antibody. Colour developed by using 3,3-diaminobenzidine
peroxidase substrate for 1 minute before counter-staining with haema-
toxylin (Sigma-Aldrich). Sections were observed under microscope and

image was recorded from randomly selected fields of each group.??

2.18 | Tunel assay

DeadEnd fluorometric TUNEL system (Promega; cat. no. G3250)
was used for Tunel assay. DAPI-containing mounting media were
used for mounting with coverslip and samples were analysed using

fluorescence confocal microscope.

2.19 | Transient transfection and ER
transactivation assay

For analysis of ERE-mediated transcription, MCF-7 cells were trans-
fected with 100 ng of pERE-Luc using Lipofectamine—2000m transfec-
tion reagent (Invitrogen). Then, 100 ng of ERa or ERB expression plasmids
was cotransfected with pERE-Luc in ER-negative MDA-MB-231 breast
cancer cell line. In addition, 50 ng of pRL-SV40-luc was cotransfected for
using it for normalization of transfection efficiencies. After 5 hours of
transfection, cells were treated with vehicle, E, and different concentra-
tions of DTPEP. After 18 hours, cells were processed using lysis buffer
and then proceeded for luciferase activity measurement using Dual
Luciferase Assay System (Promega). The firefly luciferase intensity for
every sample was normalized through transfection efficiency obtained
from renilla luciferase activity.?> Each experiments were performed in

triplicate of each test groups with three replicates of each experiment.

2.20 | Statistical analysis

All the analysed results are expressed as mean + SEM derived from
at least three independent experiments with triplicates of each
test group. Statistical significance was determined by ANOVA
and Newmann-Keul’s test or by paired Student’s t test. The lev-

els of probability were noted and P values <.05 were considered

statistically significant. P-values were noted as, if significant
P <.05 (*), P<.01 (**), P <.001 (***). Statistical analysis was car-
ried out using Microsoft Excel and Prism software 5.0 (GraphPad
Software, La Jolla, CA, USA).

3 | RESULTS

3.1 | DTPEP inhibits breast cancer cell proliferation

DTPEP exhibited significant anti-cancer activity against various
breast cancer cells (MCF-7, MDA-MB-231, LA-7, primary cells) as re-
vealed by MTT assay (Supplementary Table S2). MCF-7 cells were
significantly inhibited even in the presence of 10 nmol/L E, while
DTPEP appeared safe towards MCF-10A and HEK-293 cells. DTPEP
also significantly decreased the number of colony formation in MCF-
7, MDA-MB-231 and primary cells (Figure 1B-D). In addition, clear
morphological changes suggestive of cell proliferation inhibition was
observed in both MDA-MB-231 and primary cells upon 24 hours
treatment with DTPEP (Figure 1C,D). On nuclear staining with DAPI,
MCEF-7 cells and MDA-MB-231 cells treated with various concentra-
tions of DTPEP showed a significant induction of nuclear condensa-

tion and increase in apoptotic nuclei (Figure 1B,C).

3.2 | DTPEP induces GO/G1 arrest, cellular ROS,
apoptosis and altered MMP in breast cancer cells

DTPEP induced a significant arrest of MDA-MB-231 and primary cells
in GO/G1 phase of cell cycle in a dose dependent manner (Figure 2A,C).
This is similar to DTPEP-induced cell cycle arrest that we previously
reported in MCF-7 cells.? In addition, DTPEP significantly increased
early as well late apoptosis in both MDA-MB-231 and primary
breast cancer cells (Figure 2B,D). DTPEP induced a significant dose-
dependent increase of cellular ROS level in MCF-7, MDA-MB-231 and
primary cells (Figure 3A-C). JC-1 stained cells show a decrease in red
fluorescence and increase in green fluorescence during mitochondrial
membrane depolarization due to loss of mitochondrial membrane in-
tegrity. We observed higher green fluorescing cells after treatment of
DTPEP for 24 hours in MCF-7 cells, MDA-MB-231 and primary cells.
This suggests that DTPEP induces a significant depolarization of mito-
chondria possibly associated with apoptosis (Figure 3D-F).

3.3 | DTPEP-induced loss of MMP and apoptosis are
ROS dependent

It is known that a majority of chemotherapeutic agents induces cellu-
lar ROS which in turn is responsible for mitochondria-mediated apop-
tosis.?* Cells treated with DTPEP for 24 hours in the presence of NAC,
as ROS scavenger showed that mitochondrial depolarization caused
by DTPEP was significantly decreased in MCF-7, MDA-MB-231
and primary cells (Figure 3G-I). Similarly, NAC also significantly de-
creased apoptosis induced by DTPEP in MCF-7, MDA-MB-231 and
primary cells (Figure 3J-L). These suggest that DTPEP-induced loss
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FIGURE 2 Effect of DTPEP and TAM in cell cycle and apoptosis of breast cancer cell, MDA-MB-231 (A, B) and primary cells (C, D). (A, C).

For cell cycle Pl-stained cells, number and cell size were counted using flow cytometry. After gating out cell debris and aggregates, 5000-

10 000 events were collected for analysis of each sample. The percentage of cells in different phases of cell cycle was calculated based on
their Pl stained DNA content vs cell size. (B, D). The per cent cells undergoing apoptosis was determined using Annexin V-FITC & Pl double
staining assay and flow cytometry (FACS Calibur, Becton-Dickinson, San Jose, CA, USA). After gating out cell debris and aggregates, 10 000
events were collected for analysis of each sample. All values are expressed as mean with their standard errors (mean + SEM, N = 3) derived
from three independent cytometry assay and presented with histograms on corresponding right side panels. Statistical analysis of each
parameter for the compound treated groups was compared with non-treated groups using one-way ANOVA (non-parametric) with Newman-
Keuls post hoc test. The difference was considered statistically significant if *P < .05. **P <.01 and ***P < .001 vs control

of mitochondrial membrane potential and apoptosis in breast cancer
is ROS-dependent. Additional experiment was performed using MTT
assay in the presence of NAC, to evaluate the role of ROS in DTPEP-
induced loss of cell viability. We found that the percentage inhibition
of breast cancer cells was significantly decreased by DTPEP in the
presence of NAC as compared to the absence of NAC (Figure 3M-O).

3.4 | DTPEP induces caspase-dependent apoptosis

Caspase 8 is a mediator of extrinsic pathway while caspase-9 is
mediator of intrinsic pathway of apoptosis. Breast cancer cells
were treated with either of pan-caspase inhibitor (z-VAD-FMK) or

caspase 8 inhibitor (z-LETD-FMK) or caspase 9 inhibitor (z-LEHD-
FMK) and apoptosis measured with annexin-V-FITC/PlI double
staining assay. Results showed a significant decrease in apoptosis
irrespective of caspase inhibitors used in all types of breast cancer
cells (Figure 4A,B,D,E,l,J,L,M,Q,R). This clearly indicates that DTPEP
depends on both extrinsic and intrinsic pathway of apoptosis. MTT
assay with 50 umol/L z-VAD-FMK, 20 pmol/L z-LETD-FMK and
20 pmol/L z-LEHD-FMK also showed a significant decrease loss of
viability in the presence of caspase inhibitors in breast cancer cells
(Figure 4C,F,K,N,S).

Cleaved caspase-8 is a characteristic of extrinsic apoptotic path-

way, whereas alterations in Bax, Bcl-2, cytochrome c and cleavage of
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FIGURE 3 DTPEP induced ROS generation, mitochondrial depolarization and ROS-dependent mitochondrial depolarization and
apoptosis in breast cancer cells. (A-C) DTPEP induced ROS generation in breast cancer cells, (A) MCF-7 cells, (B) MDA-MB-231 and (C)
primary cells. H,0, was used as a positive control to induce cellular ROS. After gating out cell debris, 10 000 events were collected for
analysis of each sample. All values of ROS are expressed as percentage of ROS generation derived from CellQuest software-based analysis
of acquired cytometric data. (D-F). DTPEP induced mitochondrial depolarization in breast cancer cells, (D) MCF-7 cells, (E) MDA-MB-231
and (F) primary cells. 10 pmol/L CCCP was used as positive control to induce mitochondrial depolarization and added 2 h before harvesting
of cells for flow cytometric analysis. After gating out cell debris, 10 000 events were collected for analysis of each sample. Data of
mitochondrial depolarization are expressed as % gated population of monomeric JC-1 with green fluorescence indicative of low A¥m and
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(G-1) DTPEP induced ROS-dependent mitochondrial depolarization of breast cancer cells (G) MCF-7 cells, (H) MDA-MB-231 and (I) primary
cells. (J-L). DTPEP induced ROS-dependent apoptosis determined by Annexin V-FITC & Pl double staining assay using flow cytometry in
breast cancer cells, (J) MCF-7 cells, (K) MDA-MB-231 and (L) primary cells. After gating out cell debris, 10 000 events were collected for
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apoptotic) quadrant data of flow cytogram (M-O). DTPEP-induced ROS-dependent loss of percentage inhibition was determined with MTT
assay of breast cancer cells (M) MCF-7 cells, (N) MDA-MB-231 and (O) primary cells. Data are expressed as % cell inhibition compared to
control. In all the assays, 5 mM of NAC was used as a standard ROS scavenger. Statistical analysis of each parameter of DTPEP treated in the
presence of NAC groups was compared with DTPEP alone treated groups using one-way ANOVA (non-parametric) with Newman-Keuls post
hoc test. The difference was considered statistically significant if *P < .05, **P < .01 and ***P < .001 DTPEP in the presence of NAC vs DTPEP
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caspase-3 are indicator of activation of intrinsic apoptotic pathway. . el .
P o _p P P Y 3.5 | DTPEP inhibits exogenous E,-induced
We found that DTPEP treatment significantly increased cleaved . .
cell proliferation, suppressed ER pathway genes/
proteins and downregulates ERa and ERp upregulates
in MCF-7 cells

caspase-8, pro-caspase Bax, cytochrome c and significantly de-
creased anti-apoptotic Bcl-2 in both MCF-7 (Figure 4G,H) and MDA-
MB-231 cells along with increased cleaved caspase-3 (Figure 40,P)
in a dose-dependent manner. Overall, these results further support DTPEP was designed for targeting ER based on tamox-
that DTPEP induces both extrinsic and intrinsic apoptosis pathway ifen structure (Figure 1A). We observed a significant reduc-
in breast cancer cells. tion in E,-induced proliferation of MCF-7 cells by DTPEP in a
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FIGURE 4 DTPEP-induced caspase-dependent apoptosis determined by Annexin V-FITC & Pl double staining assay using flow cytometry
and loss of percentage inhibition was determined with MTT assay of breast cancer cells (A-F) MCF-7 cells, (I-N) MDA-MB-231 and (Q-S)
primary cells. Here, 50 pmol/L of z-VAD-FMK (pan-caspase inhibitor), 20 pmol/L of z-LETD-FMK (caspase-8 inhibitor) and 20 pmol/L of
z-LEHD-FMK (caspase-9 inhibitor) were used. Statistical analysis of each parameter of DTPEP treated in the presence of z-VAD-FMK,
z-LETD-FMK and z-LEHD-FMK groups was compared with DTPEP alone treated groups using one-way ANOVA (non-parametric) with
Newman-Keuls post hoc test. The difference was considered statistically significant if *P < .05, **P < .01, and ***P < .001 DTPEP in the
presence of z-VAD-FMK, z-LETD-FMK and z-LEHD-FMK vs DTPEP alone treated group. DTPEP induced mediator of both extrinsic and
intrinsic apoptosis pathway in breast cancer cells (G,H) MCF-7 cells, and (O,P) MDA-MB-231. Each experiment was repeated three times and
quantitation of band intensity was performed by densitometry (H & P) using Quantity One® software (v.4.5.1). Statistical analysis of each
parameter for the compound treated groups was compared with non-treated groups using one-way ANOVA (non-parametric) with Newman-
Keuls post hoc test. The difference was considered statistically significant if *P < .05. **P < .01 and ***P < .001 vs control. Primary antibodies
used Bax (cat. 2772, cst), Bcl-2 (cat. 2876, cst), Cleaved Caspase-8 (cat. 9496, cst), Cleaved Caspase-3 (cat. 9661, cst), Cytochrome c (cat.

4272, cst) and p-actin (cat. 4970, cst)

concentration-dependent manner suggesting that DTPEP com-
petes with E, (Figure 5B). Furthermore, DTPEP also suppressed
expression of E,-responsive genes. Grebl (growth regulation
by oestrogen in breast cancer 1), Ctsd (Cathepsin D), CxI12

(Chemokine (C-X-C motif) ligand 12), Bmp (Bone morphogenetic
protein), Rbbp8 (retinoblastoma-binding protein 8), Igfbp4 (insulin-
like growth factor binding protein 4) and Abca3 (ATP-binding cas-
sette subfamily A) and upregulated Bmp (bone morphogenetic
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FIGURE 5 (A)DTPEP and tamoxifen downregulates ERa protein expression in MCF-7 cells irrespective of E, presence. ERax was detected
with fluorophore-tagged secondary antibody and counter-staining done with DAPI. Microphotograph, 40x magnification were acquired with
confocal microscope (FLUOVIEW FV1200 Multi Photon Laser Scanning Microscope,). Immunofluorescence correlating with ERa protein
expression was quantitated by using software FV10-ASW Ver.4.1,FV1200, Olympus showed on the right column. (B) DTPEP inhibits E,-
induced proliferation of MCF-7 cells. MCF-7 cells were treated in different concentration of DTPEP with or without 10 nmol/L E, in phenol
red free DMEM media with 0.5% of charcoal striped FBS for 24 h and results were determined by MTT assay. DTPEP on downregulates

ERa and upregulates ERp in MCF-7 cells. (C) Relative mRNA level of ERa and ER. (D) ER status of MCF-7 cells with western blot, (E)
Densitometry of western blot of ER status. Effect of DTPEP on ER-targeting/responsive/dependent protein (F) evaluated by western blot,
its densitometry (G) and genes (H) expression determined by real-time PCR. Statistical analysis of each parameter for the compound treated
groups was compared with non-treated groups using one-way ANOVA (non-parametric) with Newman-Keuls post hoc test. The difference
was considered statistically significant if *P < .05 and **P < .01 vs control. DTPEP modulates classical (ERE-mediated) transcriptional
activation. (I) Transcriptional activation of the ERE promoter by total ER in MCF-7 and (J) by transiently transfected ERx and ERp in MDA-
MB231 in response to compound either alone or in the presence of 10 nmol/L E, for agonistic and antagonistic activity. MCF-7 cells were
transfected with ERE-luc reporter plasmid and MDA-MB-231 cells were cotransfected with ERa or ERf expression vector along with pERE-
luciferase reporter plasmid and incubated with various concentrations of compound for 24 h. Renilla luciferase pRL-luc plasmid was used for
internal control. Results are described as % of normalized relative luciferase unit (RLU). Results are expressed as mean + SEM, n = 3. P values
are a—P <.001, b—P < .01, c—P < .05 and d—P > .05 vs control and e—P < .001, f—P < .01, g—P < .05 and h—P > .05 vs E,. Primary antibodies
used Phospho-Oestrogen Receptor o (Ser118) (cat. 251, cst), p21 (cat. 2947, cst), ERax (MC-20) (cat.sc-542) and ER (cat.sc-8974), PR, (cat.
sc-528), PCNA (cat.sc-53407) and B-actin (cat. 4970, cst)

protein) (Figure 5H). DTPEP also decreased PR (progesterone re- was decreased by DTPEP even in the presence of E, treatment
ceptor) and PCNA (proliferating cell nuclear antigen) expression as compared to E, alone treated MCF-7 cells (Figure 5A). DTPEP
(Figure 5F,G). DTPEP enhanced expression of cyclin-dependent caused increase in level of ERf both at transcript and protein level
kinase inhibitor p21 protein (Figure 5F,G). Furthermore, DTPEP (Figure 5C-E). DTPEP also decreased expression of phospho-ER
significantly decreased overall expression of ERa in MCF-7 as o (Ser118) which is important for ER signalling as it can direct

compared to untreated MCF-7 cells (Figure 5A). ERa expression recruitment of promoter complexes leading to gene-specific
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transcription®® (Figure 5D,E). These data suggest that DTPEP in-
duces dose-dependent decrease in expression of ERa along with
concomitant increase in expression of ERp which correlates with
DTPEP-induced inhibition of MCF-7 proliferation. DTPEP also sig-
nificantly decreased ERE-mediated transcriptionin concentration-
dependent manner as compared to control (Figure 51). Decrease
in ERE-mediated transcription was significant even at 1 pmol/L
in DTPEP + E, treated group in comparison to E, (P <.001) indi-
cating that the compound acts by antagonizing E, by stimulat-
ing transcription via classical (ERE-mediated) pathway (Figure 5I).
Overall, these data suggest that DTPEP action on MCF-7 cell is
ER-dependent. To further assess specific involvement of ERx or
ERB, their expression plasmids were cotransfected with pERE-Luc
plasmids in ER-negative MDA-MB-231 cells. Here, DTPEP caused

a significant decrease in ERa-mediated ERE promoter activity
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both in the presence and absence of E, (Figure 5J). In case of
E,-treated group, the decrease observed was significant even at
1 pmol/L (P < .01) in comparison to control and in comparison to
E, (P <.001). However, DTPEP in the presence of E,-augmented
ERpB-mediated ERE transactivation in a concentration-dependent
manner (P > .05-.001) (Figure 5J). Thus, the results suggested that
DTPEP acts through modulation of both ERa- and ERB-mediated

classical oestrogen signalling pathways in breast cancer cells.

3.6 | DTPEP downregulates PKCa and PISK/Akt
survival pathway in breast cancer cells

Furthermore, DTPEP significantly decreased total apoptosis in the
presence of E, as compared to in the absence of E, in MCF-7 cells, but
there is no significant decrease in MDA-MB-231 cells (Figure 6A,B).
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FIGURE 6 Effectof DTPEP and TAM on non-ER pathway of apoptosis of breast cancer cell (A) MCF-7 cells and (B) MDA-MB-231 cell.
Statistical analysis of each parameter for the DTPEP and tamoxifen treated in the presence of E, groups was compared with DTPEP and
tamoxifen alone treated groups using one-way ANOVA (non-parametric) with Newman-Keuls post hoc test. The difference was considered
statistically significant if *P < .05, **P < .01 | and ***P < .001 DTPEP and tamoxifen in the presence of E, vs DTPEP and tamoxifen alone
treated group. NS = not significant. DTPEP activates non-ER pathway PKCa like TAM in breast cancer cells irrespective of their ER status
(C, D) MCF-7 cells and (G, H) MDA-MB-231 cell and cells were treated for 0, 0.25 and 0.5 h. DTPEP inhibited PI3-K/Akt pathway in

breast cancer cells (E, F) MCF-7 cells and (I, J) MDA-MB-231 cell. Statistical analysis of each parameter for the compound treated groups
was compared with non-treated groups using one-way ANOVA (non-parametric) with Newman-Keuls post hoc test. The difference was
considered statistically significant if *P < .05. **P < .01 and ***P < .001 vs control. Primary antibodies used PKC o (C-20) (cat.sc-208), PI-
3kinase p1108 (cat.sc-602), p-PI3kinase p110y Tyr 485 (cat.sc-130211), Akt (Pan) (cat. 4685, cst), Phospho-Akt (Ser473) (cat. 4051, cst), and

B-actin (cat. 4970, cst)
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FIGURE 7 (A) Pictorial representation of tumour size ex situ and in situ LA-7 rat syngenic mammary tumour model at 25 days of oral
administration of vehicle (n = 4), DTPEP (10 mg/kg, n = 4 and 20 mg/kg, n = 4) and TAM (20 mg/kg, n = 4). (A, |). DTPEP reduces metastatic
nodules in lung of LA-7 rat mammary tumour model. (B). DTPEP induces loss of ex situ tumour weight, (C). relative tumour weight and (D) in
situ tumour volume. Oral administration of DTPEP does not disrupt absolute organ weight (E), relative organ weight (F), total body weight
(G) and total body weight gain (H). Statistical analysis of each parameter for the compound-treated groups was compared with non-treated
groups using one-way ANOVA (non-parametric) with Newman-Keuls post hoc test. The difference was considered statistically significant if
*P <.05.**P < .01 and ***P < .001 vs control
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Thus, it suggests that DTPEP-induced apotosis in ER-positive MCF-7
cells can be partly countered by E, but DTPEP-induced apotosis in ER-
negative MDA-MB-231 cells indicate that it may interact with cellular
target other than ER. Previous studies report that tamoxifen downreg-
ulates PKCa which is considered as its non-ER-mediated action.>2¢??
DTPEP also decreased PKCa in time-dependent manner in both ER-
positive and ER-negative cell lines (Figure 6C,D,G,H). PKCa inhibition
by DTPEP in ER-negative MDA-MB-231 cells is significantly higher than
that of tamoxifen. Thus, DTPEP can target PKCa irrespective of the
absence or presence of ER. In addition, DTPEP decreased phosphoryl-
ated PI3K and activation of Akt in both MCF-7 and MDA-MB-231 cell

lines (Figure 6E,F,1,J).

3.7 | DTPEP inhibits in vivo on tumour growth in
LA-7 syngenic mammary tumour model

In syngenic mammary tumour model study, body weight of animals
treated with DTPEP showed normal gain suggesting lack of any ap-
parent acute adverse effects (Figure 7G,H). Major alteration in gross
body weight is an important preliminary indication of toxicity or side
effects of administered agent.3°’31 In addition, there was no signifi-
cant changes in mean absolute and relative total weight of major
vital organs measured at the end of trial (Figure 7E,F). Interestingly,
DTPEP caused a significant decrease in mean in situ tumour volume
(Figure 7D) and mean ex situ tumour weight measured at the end of
the trial (Figure 7B,C). Tumour incidence and tumour burden were
found decrease upon treatment with DTPEP and comparable with
tamoxifen (Figure 7J,K). All the animals showed single tumour ini-
tially and we did not observe in any change in tumour multiplicity in
any of the group throughout the study period. In addition, DTPEP

also significantly decreased the number of metastatic nodule in

CTL

TUNEL

FIGURE 8 DTPEP and TAM induces
apoptosis in mammary tumour tissue of

lungs of the treated group in a dose-dependent manner as compared
to control group (Figure 7A,1) suggesting that DTPEP may have me-
tastasis preventing effect as well. Furthermore, H&E-stained tumour
sections of DTPEP-treated group presented large areas of stroma
with depleted malignant epithelial cells unlike the vehicle-treated
group (Figure 8). Epithelial cells showed reduced nuclear pleomor-
phy, reduced nucleus to cell ratio with increased cellular necrosis and
apoptosis. DTPEP treatment significantly increased fluorescence in-
dicative of fragmented DNA in mammary tumour as compared to
negative control group (Figure 8). DTPEP treatment also significantly
reduced expression of ERax and PKCa protein in tumour tissue in
comparison to control group (Figure 8). These observations overall
suggest reversal of cellular changes in tumour tissue indicative of

favourable prognosis.

4 | DISCUSSION

Standard drugs like tamoxifen are beneficial against ER-positive
breast cancers.3%34 ER-negative breast cancers are very aggressive
tumours, lack safe standard therapeutics and result in higher pa-
tient mortality. Some report suggests activity of tamoxifen against
ER-negative breast cancer, possibly through some ER-independent
off-target effect.>>> Some groups have attempted collective target-
ing of ER and other targets in breast cancer, mostly through hybrid
molecules.®4%? In pursuit of new drug discovery, a series of con-
strained tricyclic compounds of substituted dibenzo[b,f]thiepine and
dibenzol[b,floxepines that were structurally analogous to tamoxifen
were synthesized. DTPEP is appeared to be the most potent com-
pound in the series equally acting against ER-positive breast cancer
cell lines (MCF-7 with IC,, of 1.33 pmol/L) and ER-negative breast

DTPEP TAM

20 mg
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60X

LA-7 rat mammary tumour model. The
fragmented DNA indicative of apoptotic
cells were visualized with TUNEL stain
using 60x magnification of confocal
microscope (FV1200 Multi Photon

H&E

Laser Scanning Microscope; Olympus,
Tokyo, Japan). DTPEP and tamoxifen
reverses aggressively proliferating
malignant cellular histomorphology of
rat mammary tumour (H & E). DTPEP and
tamoxifen downregulates expression of
ERx and PKCax in rat mammary tumour
(IHC). Images were captured at 20x
magnification of CKX41 Trinocular with
cooled CCD camera Model Imaging
MP5.0-RTV-CLR-10-c from Olympus
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Proliferation:
cancer cell line (MDA-MB-231 with IC,, of 5 pmol/L; ER negative
primary cells with IC., of 8.1 umol/L). It is devoid of any cytotoxic
side effect on non-cancer cells, HEK-293 and MCF-10A cells up to
50 pmol/L concentration.

Cell division and progress of cell cycle are most critical for unre-
strained cancer cell proliferation and disruption of cell cycle is major
end goal of effective anti-cancer agent.*® DTPEP restricted the
cell cycle at GO/G1 phase of breast cancer cells in dose-dependent
manner (Figure 2A,C). DTPEP induced apoptosis in MCF-7, MDA-
MB-231 and primary cells in caspase-dependent manner. Selective
caspase inhibition studies showed that DTPEP induces both extrin-
sic and intrinsic apoptosis. Several compounds like indirubin de-
rivative (8—Rha—[3),41 quinoline derivative (PQ1),*? sulphamoylated
2-methoxyestradiol a\nalogues,43 myricetin,44 indole-coumarin-
thiadiazole hybrids*® are reported to induce extrinsic and intrinsic
apoptosis. These dual-acting compounds offer possibility of more
comprehensive attack on cancer cells.

Our results also showed that DTPEP increased ROS generation
in cancer cells in a dose-dependent manner. Tamoxifen and several
other chemotherapeutic drugs are well known to induce ROS that
subsequently induces apoptosis and regression of cancer. Hence,
DTPEP-induced high level of ROS should possibly responsible for
apoptosis in treated breast cancer cells. We know that ROS gen-
eration is critical for loss of mitochondrial membrane integrity and
apoptosis, we observed the same upon DTPEP treatment. ROS-
induced mitochondrial membrane damage leads to either or both
activation of proapoptotic factors and inhibition of anti-apoptotic
factors.***® Our data suggest that DTPEP-enhanced expression
of level of cytochrome c, bax and decreased bcl-2 proteins in both
MCF-7 and MDA-MB-231 cells. Thus, we can conclude that DTPEP
induces breast cancer cell death through ROS-dependent apoptosis
through both extrinsic and intrinsic pathway.

ERa plays a crucial role in the progression of breast cancer”’
being the receptor for mitogenic growth promoter, oestrogen.*°
Interruption of oestrogenic activity by targeting its receptor results
desired anti-cancer effects.’* DTPEP inhibited growth of ER-positive
breast cancer cell both in the absence and presence of exogenous
E,. We assume that in the absence of exogenous E,, the compound
exerted its growth inhibitory activity by neutralizing endogenous
E, and also possibly through some other non-ER pathway. Due to
its action through non-ER pathway, DTPEP appears active against
ER-negative breast cancer cells. In ER-positive MCF-7 cells, DTPEP
decreased expression of ERa with concomitant increase in expres-
sion of ERp at both transcript and protein level. The increased ERf
expression favours formation of ERa-ERp heterodimer thereby sup-
pressing ERax homodimers responsible promotion of breast cancer.”?
ER regulates gene expression via classical pathway through ERE and
non-classical pathway through AP-1 sites. Here, DTPEP decreased
E,-induced ERa-ERE-mediated transcriptional activation and at the
same time increased the ERB-ERE-mediated transactivation. In ad-
dition, DTPEP also altered ER-responsive transcripts and proteins in
treated MCF-7 cells supporting DTPEP acts on ER. Oestrogen and

ER-dependent signalling pathway have been shown to activate Akt
and its downstream cascade.’® DTPEP inhibits PI3K/Akt signalling
through downregulation of phosphorylation of p-PI3K at tyr 485 and
p-Akt at ser 473 in both MCF-7 and MDA-MB-231 cell. Akt may be
activated in cancer cells through various factors including oestrogen.
Few reports suggest Akt activation by oestrogen may not be inhib-
ited ER antagonists action.”® Here also, we believe that the non-ER-
dependent action of DTPEP must be responsible for inhibition of
Akt in ER-negative breast cancer cells. Tamoxifen is reported to have
non-ER-dependent action in cancer cells via inhibition of PKC.*
8 PKC play a crucial role in the signal transduction that influences
cell growth and transformation in cancer cells.>® DTPEP also signifi-
cantly downregulates PKCa protein expression in time-dependent
manner in both MCF-7 and MDA-MB-231 cells. Thus, we assume
that this could partly explain its anti-cancer action in ER-negative
breast cancer cells, including MDA-MB-231 cell line and ER-negative
primary breast cancer cells derived from patient tumour. However,
further investigation is warranted to understand how cellular tar-
geting of PI3-K/Akt and PKCu is achieved in ER-indendepent anti-
cancer action of DTPEP.

Animal tumour models are better representation of complex bi-
ological test systems and regarded essential for preclinical investi-
gation of anti-cancer therapeutics. Our LA-7 syngenic rat mammary
tumour model studies clearly established in vivo efficacy of DTPEP
with a significant reduction of orthotopic mammary tumour weight
and volume. This was further supported by histological changes
at tumour tissue level indicative of anti-cancer effect of DTPEP.
Furthermore, our animal model studies also validated in vitro ob-
servation confirming induction of apoptosis in tumour tissue by
DTPEP. The observed regression of mammary tumour correlated
with downregulation of ERax and PKCa expression in tumour tissue.
Additionally, DTPEP treatment did not resulted in gross alteration
body weight as well as major vital organs suggesting general safety
of DTPEP. Thus, in vivo studies convincingly established that DTPEP
induces significant tumour regression through downregulation both
ERa and non-ERa pathways with concomitant apoptosis. Overall,
these data suggested that DTPEP shows strong anti-breast cancer
activity both in vitro and in vivo with considerable safety. DTPEP of-
fers newer possibilities of dual targeting of ER-positive and -negative
breast cancer through involvement of both intrinsic and extrinsic
apoptosis pathway.
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