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Abstract The main aim of this study was to discover small
molecule inhibitors against Cathepsin D (CatD) (EC.3.4.
23.5), a clinically proven prognosticmarker for breast cancer,
and to explore themechanisms bywhichCatD could be a use-
ful therapeutic target for triple-positive and triple-negative
breast cancers (TPBC & TNBC). The crystal structure of
CatD at 2.5 Å resolution (PDB: 1LYB), which was com-
plexed with Pepstatin A, was selected for computer-aided
molecular modeling. The methods used in our study were
pharmacophore modeling and molecular docking. Virtual
screeningwas performed to identify small molecules from an
in-house database and a large commercial chemical library.
Cytotoxicity studies were performed on human normal cell
line HEK293T and growth inhibition studies on breast ade-
nocarcinoma cell lines, namely MCF-7, MDA-MB-231,
SK-BR-3, and MDA-MB-468. Furthermore, RT-PCR analy-
sis, in vitro enzyme assay, and cell cycle analysis ascertained
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the validity of the selected molecules. A set of 28 molecules
was subjected to an in vitro fluorescence-based inhibitory
activity assay, and among them six molecules exhibited >50
% inhibition at 25µM. These molecules also exhibited good
growth inhibition against TPBC and TNBC cancer types.
Among them,molecules 1 and 17 showed single-digit micro-
molar GI50 values against MCF-7 and MDA-MB-231 cell
lines.

Keywords Breast cancer · CatD · Cathepsin D ·ASINEX ·
Docking · Pharmacophore model

Introduction

Solid tumors, particularly in breast cancer, metastasize into
different organs of the body in the advanced stages of the dis-
ease. Cancer invasion andmetastasis are challenging areas of
treatment, and one of the important reasons for invasion is the
proteolysis of the extracellular matrix (ECM) [1]. The ECM
is composed of collagen, laminin, and fibronectin along with
many enzymes, such as matrix metalloproteases, serine pro-
teases, cathepsins, etc. [2].Amongall, cathepsins are found to
have amajor role in growth factor-binding andECMdegrada-
tion,which emphasize the importance of cathepsins in human
cancer development. The lysosomal compartment contains
about 40 different kinds of acid hydrolases composed of
proteases, nucleases, lipases, glycosidases, and sulfatases.
Among the mentioned hydrolases, proteases are divided into
three subgroups on their active site amino acid: Cysteine (B,
C, H, F, K, L, O, S, V, X, and W), Aspartate (D and E), and
Serine (A and G) proteases [3–5].

Our target of interest, CatD, is the most explored lysoso-
mal aspartic protease as a tumor marker due to its elevated
concentrations in the cytosol of breast cancer cells in patients
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diagnosed during clinical trials [6]. CatD is initially synthe-
sized as an inactive pre-proenzyme and undergoes further
post-transcriptional modifications, such as glycosylation to
form mature enzyme [7]. Maturation of CatD is an ATP-
driven acidification of lysosomes in relation with cysteine
proteases [8]. The enzyme is active in acidmilieu and cleaves
the components of the extracellular matrix increasing cancer
invasion by releasing growth factors into circulation [9].

There are many functionalities of CatD in normal cells,
namely, the metabolic degradation of proteins and pep-
tides, antigen processing, activation, and degradation of
growth factors [10]. CatD is endocytosed into the lysosomal
compartment by mannose-6-phosphate receptors and other
unidentified receptors present on the surface of lysosomes
[11,12]. In the case of breast cancer (estrogen-positive), there
are an increased number of large acid vesicles bearing more
amounts of CatD causing cancer invasion [13]. The high
level of CatD in primary tumors is indicative of local recur-
rence or distant metastasis [14]. CatD is also reported as
an important biological marker among triple-negative breast
cancer patients along with a high Ki-67 index [15,16]. CatD
is currently a target of interest due to its high expression
in advanced stages of solid tumors, especially mammary
tumors, resulting in aggressive metastasis and worsening of
the condition of the individual [17].

Pepstatin A was identified as a specific inhibitor of
CatD with an IC50 of 0.1 nM, and, to date, there are
very few scaffolds reported for CatD inhibition including
hydroxyl ethyl isostereswith cyclic tertiary amines, synthetic
oligopeptides, non-peptidic acylguanidine, and sulfamoyl
benzamide derivatives [18,19]. In designingCatD substrates,
several chemokines including interleukin-8 (CXCL8), SDF-
1 (CXCL12), and SLCwere studied to understand the pattern
of CatDmetastatic mechanism [20]. CatD has two lobes con-
nected by a cleft accommodating eight amino acid residues
in its active pocket as found in other aspartic proteases
(e.g., HIV protease, pepsin, renin, cathepsin E). Further-
more, CatD inhibition is also reported as a possible therapy
in other ailments due to its structural similarities with β-
secretase, plasmepsins, and HIV proteases, in degenerative
diseases, malaria, and HIV, respectively [21]. To date, CatD
inhibitors have not reached clinical trials, and there remains
more to explore about their use and development in cancer
chemotherapy [22].

Our goal in this research area is to discover novel nonpep-
tidic small molecules as CatD inhibitors for the treatment
of breast cancer. The reported CatD inhibitors, to date, have
been estimated to be clinically useful and are further studied
for their role in cancers.We took a step forward in discovering
new moieties for CatD inhibition and further analyzing their
role in cell cycle regulation. We performed an energy-based
pharmacophore virtual screening and molecular docking
studies using the ASINEX database (www.asinex.com) and

BITS, an in-housedatabase to discover novelCatD inhibitors.
The chemical structures of reported CatD inhibitors (84
molecules) are considered as bioactives and a set of 1000
inactive, drug-like molecules, provided by Schrodinger are
used as decoys. A single dataset file was made includ-
ing both decoys and bioactives. This dataset file consisting
of 1084 molecules is used to assess the screening per-
formance of generated e-pharmacophores. The screening
performance is directly proportional to the number of bioac-
tives screened, which was further calculated as mentioned in
the “Methods” section below. The virtual screening method
helped us discover new molecules on protein–ligand inter-
actions and binding affinities. After molecular docking, the
selected molecules were tested for CatD inhibitory activ-
ity using a fluorescence-based assay. Furthermore, we have
conducted cell-based assays consisting of a panel of cell
lines with varied levels of gene expression for estrogen
receptor (ER), progesterone receptor (PR), and Her2/neu in
correlation with CatD expression.

Materials and methods

Computational study

Software

The pharmacophore models were generated using PHASE
3.4 implemented in Maestro 9.3 software package [23]. All
docking studies were performed using GLIDE (Grid Ligand
Docking with Energetics) 5.8 (Maestro 9.3), and all ADME
(Absorption, Distribution,Metabolism, and Excretion) prop-
erties were calculated using QikProp 3.5 (Maestro 9.3) [23].

Energy-based Pharmacophore generation and validation

Molecular docking studies were performed using an e-
pharmacophore approach which helps in the rapid in silico
screening of chemical databases. ‘Scripts’ option in Maestro
was used to generate pharmacophores, on the energies and
features of the co-crystallized ligand. In addition, PHASE
was used to identify the features in a molecule that match
with the features in the generated hypothesis. The avail-
able pharmacophoric features provided by PHASE during
the alignment were hydrogen bond acceptor (A), hydrogen
bond donor (D), hydrophobic group (H), negatively ioniz-
able group (N), positively ionizable group (P), and aromatic
ring (R). Furthermore, different pharmacophoremodelswere
generated with minimum to maximum number of features to
screen all the molecules from the ASINEX and BITS data-
bases. Datasets were prepared using reported CatD inhibitors
in the literature together with a decoy set. The decoy set, pro-
vided by Schrodinger, is a collection of 1000 ligands which
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exhibit “drug-like” properties, chosen from 1 million com-
pound library [23]. A total of 84 reported non-peptidic CatD
inhibitors with different scaffolds (e.g., acylguanidine [22],
hydroxyl ethylamine [24]) were drawn using Maestro’s 2D
sketcher and were energetically minimized using LigPrep
[23]. Stereo isomers were also generated by adding sufficient
hydrogen molecules at neutral pH (pH 7) using LigPrep.

On the basis of the 10 featured hypotheses generated using
Pepstatin A, many 3–7 featured hypotheses were generated
considering the positions of donors, acceptors and aromatic
rings (Fig S1). PHASE generated scores were considered
to evaluate the hypothesis ability in differentiating reported
CatD inhibitors from the decoy set. Enrichment Factor (EF)
and Goodness of Hit (GH) were calculated using Eqs. 1 and
2 [25]:

EF = (Ha × D)

(Ht × A)
(1)

GH =
((

Ha

4 Ht A

)
× (3A + Ht)

)

×
(
1 −

(
Ht − Ha

D − A

))
, (2)

where ‘Ht’ is the total set of molecules used from the hit
list; ‘Ha’ is the set of actives from the hit list; ‘A’ denotes
the actives from the decoy set; and ‘D’ is the number of
molecules from the decoy set. The best pharmacophoreswere
further used to select molecules from the databases following
molecular docking protocols.

Grid generation

The best pharmacophore models were used to screen diverse
scaffolds from the ASINEX and BITS databases (Figs. S2,
S3). GLIDE was used for the virtual screening of compound
libraries. The crystal structure of CatD (PDB ID: 1LYB) was
minimizedusing theprotein preparationwizard (OPLS_2005
force field) [23]. The co-crystallized ligand, Pepstatin A, was
selected during the receptor grid generation to define x , y,
and z axes of the grid. The sites for molecular docking were
defined during the grid generation which allowed us to filter
molecules from the selected active site.

Virtual screening by pharmacophore model and molecular
docking

The best pharmacophores with good EF and GH scores were
selected and run through PHASE to find matches against the
ASINEX and BITS databases. Molecules that matched the
respective features of the selected pharmacophore were fur-
ther considered for docking studies using GLIDE. Initially,
the favorable interactions between screened ligandmolecules
(from pharmacophore screening) and CatD, in flexible mode

of docking, were examined by means of GLIDE. The three
different levels of docking precisions provided by GLIDE
were utilized for virtual screening methodology, namely
HTVS (high throughput virtual screening), SP (standard pre-
cision), and XP (extra precision). HTVS was first used to
identify molecules binding to CatD followed by SP and then
XP docking for refinement. Ligand interactions in relation to
Pepstatin A, along with XPGLIDE scores, number of hydro-
gen bonds, alignment of the molecule inside the active site
pocket, and ADME properties were considered to select the
final set of compounds for further in vitro studies.

ADME profile screening

The QikProp module [23] was used to calculate the ADME
properties of the selectedmolecules. This provided an under-
standing of the solubility and absorption levels of the selected
set ofmolecules from the database. Caco-permeability with a
value of <25 was considered poor and >500 as high perme-
ability.QP logPo/w (octanol/water partition coefficient ratio)
was calculated from a range of −2 to 6.5; QP log S (aque-
ous solubility) was considered good if the value was between
−6.5 and 0.5. Furthermore, the percentage of human absorp-
tion was considered high if it was >80 % and poor if it was
<25 %.

Experimental approaches

Chemicals used

Phosphate-buffered saline (PBS), Minimum Essential
Medium (MEM), Roswell Park Memorial Institute (RPMI)
1640 medium, and fetal bovine serum (FBS) were obtained
from Hi Media Laboratories Pvt. Ltd. MTT (3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide),
trypan blue, and CatD human primers were procured from
Sigma–Aldrich (Bangalore, India).

In vitro enzyme assay study

CatD enzyme inhibition studies were carried out using
Cathepsin D Inhibitor Screening Kit (Fluorometric) (BioVi-
sion, Inc., Milpitas, CA). This is a fluorescence-based assay
which makes use of the CatD substrate sequence GKPIL-
FFRLK (DNP)-D-RNH2 labeled with methyl coumarin
(MCA). CatD acts by cleaving the synthetic substrate to
release the quenched fluorescent group MCA, which will
then be measured by a fluorescence plate reader at Ex/Em of
328/460 nm. The relative efficacy of test inhibitors was com-
pared to the positive control inhibitor, Pepstatin A (IC50 <

0.1 nM). The assay procedure implemented was followed as
described by the manufacturer’s protocol. The inhibitor ref-
erence control along with positive and background controls
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were prepared adding the reaction buffer and substrate in
common, with and without enzyme as per the protocol. An
incubation period of 1–2 h at 37 ◦Cwas followed by measur-
ing the fluorescence using a micro-plate reader. The readings
were further measured as per the standardized protocol:

%INHIBITION

= (RFUTest inhibitor − RFUBackground control)

(RFUPositive control − RFUBackground control)
× 100

RNA Extraction and quantitative RT-PCR analyses

RT-PCR studies were carried out to bring out a logical selec-
tion of a set of breast cancer cell lines depending on their
differential CatD gene expressions. The consideration was
on the presence or the absence of differential gene expres-
sions, e.g., estrogen receptor (ER+/−), progesterone recep-
tor (PR+/−), and human epidermal growth factor receptor
(HER/neu) which helped us study the activities of molecules
considering both TNBC and TPBC types. Total mRNA was
quantified from 5×106 cells MCF-7 (triple-positive), MDA-
MB-231 (triple-negative), MDA-MB-468 (triple-negative),
and SK-BR-3 (ER-, Her2 amplified). RNA was extracted
using the TRI reagent according to the manufacturer’s pro-
tocol (Sigma). PCR amplification, for converting mRNA
to cDNA, was run using Verso cDNA kit, with optimized
protocol for 45 cycles. Each cycle had a 15-second denat-
uration time at 95 ◦C, annealing for 1 min at 52 ◦C-55 ◦C,
and extension for 1 min at 72 ◦C. The mRNA quantities
were amplified using a PCR master mix to optimize the
annealing temperature of the designed CatD human primers.
The cDNA entities formed were further confirmed by elec-
trophoresis, running through 1 % agarose gel at 100 volts for
30 min.

RT-PCR was performed following the manufacturer’s
instructions using a fluorescent dye, SYBR green (Kappa
Bio-systems), helpful in the detection of PCR products. We
used CatD (human) primers procured from Sigma, i.e., for-
ward primer 5′ CAT TGT GGA CAC AGG CAC TTC 3′
and reverse primer 5′ GAC ACC TTG AGC GTG TAGTCC
3′ to determine DNA fragment [26]. The RT-PCR was ini-
tiated with denaturation at 94 ◦C for 3 minutes, followed
by 45 cycles of denaturation at 95 ◦C for 20 s, anneal-
ing at 61 ◦C for 10 s, and elongation 72 ◦C for 2 min.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the house-keeping gene to normalize the gene expres-
sions. Normalized relative levels of CatD expressions in the
selected breast cancer cell lines were the ratios of CatD and
GAPDH gene expressions.

Cell-based growth inhibition and viability assays

Based on the RTPCR analysis, a set of breast cancer cell lines
was selected to evaluate the anti-proliferative activities of the
selected molecules. The cell lines, namely MCF-7, MDA-
MB-231, MDA-MB-468, and SK-BR-3 of American Type
Culture Collection origin, were kindly provided by Incozen
Therapeutics Pvt. Ltd. The cell lines were maintained in
MEM and RPMImedia supplemented with 10% fetal bovine
serum, 100μg/mL streptomycin, and 100 U/mL penicillin
under conditions of 5 % CO2, 80 % relative humidity (RH)
at 37 ◦C. Cell viability/growth inhibition was determined by
MTT assay. Cells were harvested and seeded into 96-well
tissue culture plates with 5,000 cells per well and allowed
to attach and gain morphology overnight. Cells were treated
with test compounds at concentrations ranging from 100μM
to 1 nM in triplicates for a drug-incubation period of 48–72

Table 1 Statistical parameters
for the best 5 hypotheses after
screening the decoy compound
set

Top 5 Hypotheses AAADD.1 AADDD AAADD.2 AADD AAD

Ha
t 223 78 124 7 99

Hb
a 52 44 49 4 37

%Yc 23.32 56.41 39.52 57.14 37.37

%Ad 61.90 52.38 58.33 4.76 44.05

EFe 3.01 7.28i 5.10 7.37 4.82

Fnf 32 40 35 80 47

Fpg 171 34 75 3 62

GHh 0.27 0.54i 0.41 0.44 0.37

a Total number of hit molecules from the database
b Total number of active molecules in hit list
c % yield of actives [(Ha/Ht) × 100]
d % Ratio of actives [(Ha/A) × 100]
e Enrichment Factor
f False negatives [A − Ha]
g False Positives [Ht − Ha]
h Goodness of fit score
i Best EF and GH scores among five best hypothesis
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Fig. 1 Flowchart showing steps
involved in virtual screening

h. The incubation time varied depending upon the doubling
time of individual cell lines. A stock solution of a test com-
pound (10 mM) was prepared using DMSO and all the other
concentrations were diluted with medium to achieve <1 %
DMSO while exposing to cells. A DMSO control was also
placed to measure its toxic effects, if any, on the cancer
cells. A zero reading was taken to note the absorbance of
day 1 cells plated. After test compound incubation, MTT
was added at a concentration of 5 mg/mL, and plates were
incubated for 3–4 hrs at 37 ◦C. Cell viability was quantified
by dissolving the formed formazan crystals in DMSO and
measuring the absorbance spectrophotometrically at 550–
600 nm using a Vector X3 2030 multi-label reader (Perkin
Elmer).

Cell cycle analysis

Selected molecules were further evaluated for their effect on
cancer cell cycle. The DNA content was different in vari-
ous phases of cell cycle and propidium iodide, which stains
DNA, helped analyze the effect of a test compound on cell
cycle regulation. Breast cancer cells (1×106 cells/well) were
seeded in six-well plates and treated with a test compound

for 24 h. Cells were first harvested and washed, followed
by fixation in 70 % ice-cold ethanol at 4 ◦C for 2 h. The
cells were further centrifuged, washed well with cold PBS,
and recentrifuged. Finally, cells were evenly resuspended in
250μL PBS, and stained with 10μL propidium iodide (PI; 1
mg/mL) and 10μL RNase A (10 mg/mL) for 30 min at room
temperature (RT). The samples were loaded to measure the
forward scatter (FS) and side scatter (SS) to identify single
cells. DNA content was observed using flow sight (Amnis,
Millipore), and IDEAS analysis software was used to calcu-
late percentage of cells in G0/G1, S and G2/M phases.

Survival in acidic tumor microenvironment

Tumor cells are known to adapt in acidic microenvironment
by preserving ATP levels. As a part of assessing lysosomal
CatD activity in acidic conditions of tumor microenviron-
ment, themetastatic breast cancer cell lineswere plated using
RPMI 1640 andMEMmedia with 10% FCS at pH 7.4 or 5.5,
and the pH 5.5 was achieved by adding 2 N HCl to the cul-
ture medium. After growing the culture for 5 days, cells were
stained with 0.4% trypan blue and analyzed by flow cytom-
etry [27].
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Fig. 2 Molecular structures of top 13 molecules from the Asinex database. (M 1–13)
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Fig. 3 Molecular structures of top 15 molecules from the BITS database. (M 14–28)

Results

Selection and validation of pharmacophore model

Using the co-crystallized ligand, Pepstatin A, we generated
the initial hypotheses as a ten-featured e-pharmacophore

through docking post-processing (Table S1). There were
six acceptors and four donor groups in the generated ten-
featured e-pharmacophore. On the basis of energies between
the hydrogen bond acceptor (A), hydrogen bond donor (D),
hydrophobic group (H), negatively ionizable (N), positively
ionizable (P), and aromatic ring (R) moieties, we generated
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Fig. 4 Pepstatin A : Inhibition profile of Cathepsin D activity stan-
dard graph. Red line denotes IC50 of 0.1nM. Results analyzed using
fluorescence plate reader at Ex/Em of 328/460 nm

Fig. 5 Percentage inhibition of both Asinex and BITS databases at
25μMconcentration analyzed using fluorescence plate reader at Ex/Em
of 328/460 nm. Six out of 28 were showing >50 % inhibition profiles
of CatD

3–7-featured pharmacophore models through combinations.
The combinations were made by selecting different features
each time generating respective pharmacophores. This fur-
ther helped us attain best-fit small molecules filtered on the
basis of specific pharmacophore features. A set of 1084
compounds were screened against all the generated pharma-
cophores using PHASE, and the pharmacophore efficiencies
were further calculated as discussed in the “Methods” sec-
tion. Out of many hypotheses generated, we selected the
five best hypotheses on EF and GH scores. Pharmacophores
AAADD1, AADDD, AAADD2, AADD, and AAD dis-
played good EF and GH scores (Table 1), and so were further
selected for molecular docking to identify best hits from the
databases.

Grid generation and virtual screening

The docking grid was generated by selecting the co-
crystallized Pepstatin A ligand in the protein’s crystal struc-

ture. The generated grid was used to screen the ASINEX
database (500,000 molecules) and the in-house BITS data-
base (930 molecules). The docking calculations were per-
formed in accordance with the molecular docking protocols
and interactions between the molecules and target protein. A
HTVS docking was performed with both the in-house BITS
andASINEXdatabases to identifymoleculeswith goodbind-
ing affinity. Molecules were ranked on the basis of docking
score, interactions with amino acid residues, and numbers
of hydrogen bonds in comparison with crystal ligand Pep-
statin A and were further selected for SP and XP docking.
The active site of CatD was found to be interacting with
Pepstatin A with residues, namely Asp33, Asp231, Gly35,
Gly79, Gly233, Ser80, and Ser235. The active site contains
two aspartate residues, Asp33 and Asp 231, each of which
plays a vital role in the catalytic function of CatD. The final
XP docking resulted in 523, 139, and 124 molecules from
5-, 4-, and 3-featured e-pharmacophores, respectively. The
active site hasmany areas that can accommodate bulkier sub-
stituents from the databases used. In addition, the docking
score, ADME properties, and the alignment of the molecule
in the active site were considered to select a total of 28 mole-
cules for in vitro activity studies (Fig.1).

ADME predictions

A total of 13 molecules from the ASINEX database and 15
molecules from the BITS database were selected and exam-
ined for pharmaceutically relevant drug-like properties. The
QikProp module was used for validating pharmaceutically
relevant properties of the molecules in relation to Absorp-
tion, Distribution, Metabolism, and Excretion (ADME).
Most of the hits had good calculated partition coefficients
(QPlogPo/w), QPlogS, and QPPCaco, which are the key
measures of solubility, absorption, and cell permeability. Lip-
inski’s rule of five displayed zero violations of themolecules.
The expectedhumanoral absorption for themolecules ranged
from 57 to 100 %.

A total of 28 molecules were selected as best hits and
their parameters such as predicted GLIDE score, amino acid
interaction residues, and measures of their ADME properties
are listed in (Tables 2, 3) and their chemical structures are
shown in (Figs. 2, 3).

In vitro enzyme assay

Initially, Pepstatin standard graph was plotted considering
concentrations from 100μM to 0.1 nM as per the manufac-
turer’s protocol (Fig. 4). Furthermore, 28 molecules were
selected for in vitro CatD inhibition using a flourometric
assay (BIOVISION, U.S.A). The initial screening at 25µM
revealed that six out of 28 molecules displayed >50 % inhi-
bition (Fig. 5). These molecules were further screened at
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Fig. 6 Binding poses displaying interactions a Pepstatin A, crystal lig-
and (1LYB), b most active Lead 1 from docking, c second-most active
lead 17 from docking. d Active compound with good alignment in to

the groove lead 10. All active site-forming crucial residues are shown
in spring green and sites S1, S2, S3, S4, S2′, and S3′ are in yellow text

10µM, and fluorescence measurements (Ex/Em of 328/460
nm) showed an inhibition range from 30 to 40 %. Active
molecules were correlated with their docking calculations.
Molecules 1, 3, and 10 from theASINEX database andmole-
cules 17, 19, and 23 from the BITS database showed strong
docking interactions and docking poses inside the active
pocket compared to all other database molecules. Among
these, the docking poses of molecules 1, 10, and 17with dif-
ferent orientations inside the active site pocket are shown in
(Fig. 6) [28]. The active site pocket of CatD has two lobes
and is connected by a cleft. The residues Gly79 and Ser80
forming the cleft are not displayed in the figure to provide
a clear view of the alignment of molecules inside the active
site pocket. These deselected residues are colored green, as
shown in Fig. 6.

Gene expression studies

All the four breast cancer cell lines were analyzed for
gene expression of CatD using primers mentioned in the

Fig. 7 RT-PCR analyses for the expression of Cathepsin D (human)
expression in different human breast cancer cell lines that include triple-
positive and triple-negative types of cancers
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Table 4 GI50(μM) values of ASINEX molecules tested on four different breast cancer cell lines and a normal cell line (HEK 293T)

ASINEX molecules MCF-7 MDA-MB-231 SK-BR-3 MDA-MB-468 HEK (CC50)

M-1 1.97± 0.25 2.27± 1.13 8.68± 0.74 14.05± 1.5 51.12± 1.13

M-2 46.67 100 – – –

M-3 1.28± 0.45 3.70± 0.05 6.63± 0.10 22.92± 0.03 59.06± 2.36

M-4 21.29± 1.14 >100 – – –

M-5 64.25 97.82 – – - -

M-6 >100 96.23 – – –

M-7 90.92 94.66 – – –

M-8 191.3 171.2 – – –

M-9 >100 1457 – – –

M-10 7.35± 0.65 17± 0.24 4.86± 0.23 57.92± 2.01 56.54± 3.5

M-11 >100 >100 – – –

M-12 >100 >100 – – –

M-13 >100 >100 – – –

Paclitaxela 0.0072 0.00241 0.005 0.0048 –

Molecules showing less than 10µM activity were thoroughly studied
a Reference standard [33]

Table 5 GI50 (µM) values of BITS molecules tested on four different breast cancer cell lines and a normal cell line (HEK 293T)

BITS Molecules MCF-7 MDA-MB-231 SK-BR-3 MDA-MB-468 HEK (CC50)

M-14 20.05± 1.18 42.35 – – 23.5± 1.12

M-15 79.49 90.45 – – 100.2± 0.07

M-16 73.25 100 – – 29.5± 0.78

M-17 3.4± 2.12 5.7± 0.005 5.96± 2.13 8.42± 2.32 44.82± 2.01

M-18 350.6 ND – – 31.6± 0.05

M-19 2.5± 0.36 10.3± 1.12 18.77± 0.0056 17.24± 1.56 19.2± 2.32

M-20 97.61 >100 – – 24.2± 1.32

M-21 85.48 >100 – – 13± 0.03

M-22 66.67 >100 – – 14.4± 1.35

M-23 2.16± 0.02 5.6± 2.34 55.15± 1.16 62.15± 2.21 13.56± 1.82

M-24 105.9 100 – – 34.76± 0.24

M-25 36.72 100 – – 30.3± 0.68

M-26 44.62 58.49 – – 30.9± 1.09

M-27 44.58 78.347 – – 12.7± 0.03

M-28 28.75 33.55 – – 30.4± 0.08

Paclitaxela 0.0072 0.00241 0.005 0.0048 –

Molecules showing less than 10µM activity were thoroughly studied
a Reference standard [33]

“Methods” section. The mRNA quantifications of MCF-7,
MDA-MB-231, MDA-MB-468, and SK-BR-3 were mea-
sured by reading absorbance at 260 nm (A260). The relative
CatD and GAPDH expression levels in all cell lines are
shown in Fig. 7. CatD gene expression was higher in MCF-7
followed by triple-negative breast cancer cell lines MDA-
MB-231 and MDA-MB-468. Among TNBCs, MDA-MB-
231 is a highly metastatic tumor cell line [29,30] and showed
high levels of CatD gene expression. Thus, CatD expres-

sion was determined in the entire cell line panel selected
and used to validate the inhibitory activities of the selected
molecules.

Anti-proliferative activity studies

CatD is reported to degrade ECM and release growth fac-
tors into the blood stream causing invasion and metastasis of
mammary tumors [31,32]. Breast cancer cell lines express-
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Fig. 8 Cell cycle analysis of control, Molecule (M) 1 & 17 with statistical parameters analyzed through IDEAS software gating the single cell
population. Channels 1 & 9 are bright fields; Channel 4 (488 nm) for Propidium iodide

ing CatD gene were selected to perform this study. All the 28
molecules were evaluated for their anti-proliferative effect
on MCF-7, MDA-MB-231, MDA-MB-468 and SK-BR-3.
Among the selected 28 molecules, 1,3 (ASINEX), and 17,23
(BITS database) showed promising growth inhibition (GI50)
on MCF-7 exhibiting inhibition values of 2.27 ± 1.13,
3.70 ± 0.05, 5.7 ± 0.005,), and and 5.6 ± 2.34µM,
respectively. Themoleculeswere further tested for their cyto-
toxicity in normal cells, i.e., human embryonic kidney cells
(HEK-293T), and>70%of themwere found to be non-toxic.
The growth inhibitory values of the 28 molecules along with
normal cell cytotoxicity results are shown in Tables 4 and
5. The molecules were found to inhibit the cell proliferation
of MCF-7 and MDA-MB-231 adenocarcinoma compared to
the other 2 cell lines.

CatD inhibition led to cell cycle arrest

One of the crucial features to examine the final arbiter of
cell fate was cell cycle arrest. The effect of cell cycle arrest
during CatD inhibition was determined. Breast cancer cells
were incubated with GI50 concentration of molecules 1 and
17 for 24–48 h and were run through 488 channels of flow
sight (AMNIS, Millipore). The imaging system showed PI
fluorescence differentiating various phases of cells with their
DNA content. The samples were further analyzed by IDEAS
analysis software, and a histogram was plotted as Intensity
in channel 4 (Propidium iodide) on X-axis and Normalized
frequency on Y-axis. We observed a decrease in G0/1 phase
and an eventual increase in G2/M DNA content displaying
cell cycle arrest (Fig. 8).

Lysosomal volume in acidic microenvironment

The cell lines were studied for their survival in acidic
microenvironment as per the protocol mentioned in “Meth-

Fig. 9 Cell survival analysis at different pH values of the growth
mediumwas performed by Tryphan blue test. Data are reported asmean
±SEM of the percentage of surviving cells obtained in three separate
experiments performed in triplicate. BCCs breast cancer cell lines

ods” section. Themedia at pH 7.4 showed considerable equal
cell viability when compared to media at pH 5.4 indicating
adaptation of lysosomal volume at pH 7.4 analyzed through
flow sight (AMNIS, Millipore). The graph (Fig. 9) was ana-
lyzed on the basis of intensity, an indicative of percentage of
cell survival [27].

Conclusion

Overall, 28 molecules from two databases were identified on
pharmacophore and molecular docking studies. These stud-
ies identified a set of molecules causing CatD inhibition and
growth inhibition on breast cancer cells. The most potent
molecules 1 and 17 displayed growth inhibition on all the cell
lines tested in correlation to their respective levels of CatD
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gene expressions. These molecules are CatD inhibitors with
novel structural features, e.g., oxoacetamide (molecule1) and
hydrazinylidine (molecule 17) moieties, when compared to
reported CatD inhibitors in the literature. Thus, we anticipate
that our study would accelerate drug discovery and research
for the discovery and development of new CatD inhibitors as
therapeutic potential agents for breast cancer treatment.
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