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ABSTRACT

We present a series of 9-arylimino derivatives of noscapine (an antitussive plant alkaloid) that binds to
tubulin and displaying anticancer activity against a panel of breast cancer cells. These compounds
were rationally designed by coupling of Schiff base containing imine groups at position-9 of the iso-
quinoline ring of noscapine. Based on a combination of Glide docking and free energy of binding
(FEB) calculation, we have screened a panel of three 9-compounds, 12-14 with improved binding
affinity with tubulin compared to noscapine. The predicted FEB is —6.166 kcal/mol for 12, —6.411 kcal/
mol for 13 and —7.512 kcal/mol for 14. In contrast, the predicted FRB of noscapine is —5.135 kcal/mol.
These novel derivatives were strategically synthesized and validated their anticancer activity based on
cellular studies using two human breast adenocarcinoma, MCF-7 and MDAMB-231, as well as with a
panel of primary breast tumor cells isolated from patients. Interestingly, all these derivatives inhibited
cellular proliferation in all the cancer cells that ranged between 3.6 and 26.4 pM, which is 11.02-2.03
fold lower than that of noscapine. Unlike previously reported derivatives of noscapine that arrest cells
in the S-phase, these novel derivatives effectively inhibit proliferation of cancer cells, arrest the cell
cycle in the G2/M-phase and induced apoptosis. Thus, we conclude that 9-arylimino derivatives of
noscapine have great potential to be a novel therapeutic agent for breast cancers.
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Introduction apoptosis because of the compromised cell cycle check-
points, without hampering the normal dividing cells. The
careful real-time observation of individual polymerizing MTs
in vitro and tracking the plus end growth over time revealed

that noscapine affected MT-dynamics primarily by enhancing

Chemotherapy remains the current method of therapy for
metastatic cancer, in that, along with DNA binding drugs,
microtubule (MT)-interacting drugs, for example, taxanes,
vinca alkaloids, estramustine, halaven and ixempra are uti-

lized for the treatment of localized and metastatic breast
cancers. However, these medications possess severe toxicities
such as leucocytopenias, diarrhea, alopecia, peripheral neuro-
pathies, etc., resulting in poor quality of life (Kavanagh &
Kudelka, 1993; Rowinsky & Donehower, 1991). The wonderful
promise of taxol in managing breast cancers justifies further
effort to discover novel mitotic inhibitors that may have less
side effects and that can be easily administered.

In a quest of finding such molecule, by rational screening
of natural compounds, noscapine (an opium alkaloid, non-
narcotic, orally available, safe antitussive drug for over
40 years) was discovered. It binds to tubulin heterodimer
with a 1:1 stoichiometry, alters the secondary structure of
tubulin and arrests the dividing cells at mitosis (Ye et al.,
1998). However, the cancer cells selectively undergo

the time period that MTs spend in an attenuated pause state
rather than engaging into active depolymerization and repo-
lymerization (Zhou et al, 2002). Because noscapine only
affects MT dynamics, cellular functions that do not require
exquisite control of MT dynamics may not be interrupted.
Noscapine, therefore, has no detectable neurotoxic effect on
the histologies of peripheral nerves (Landen et al., 2004). It
has favorable pharmacokinetics in vivo (clearance within
~10h) (Jordan & Wilson, 1998) and has no significant side
effects (Ke et al., 2000; Landen et al., 2002). In vitro as well as
mouse xenograft models have shown that noscapine and its
analogs are useful in treatment of cancer of different tissue
origin (Ke et al, 2000; Ye et al, 1998; Zhou et al, 2003).
These properties enable its therapeutic use at high concen-
trations (~150-300 mg/kg body weight) in murine models of
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human cancer (Landen et al, 2002; Zhou et al,, 2003). It is
found to inhibiting proliferation and inducing apoptosis in
human ovarian carcinoma cell lines that are sensitive or
resistant to paclitaxel (Zhou et al., 2002). The oral bioavail-
ability of noscapine offers further support for its clinical
advancement as a novel chemotherapeutic agent (Dahlstrom
et al,, 1982). Therefore, noscapine is a promising anticancer
drug with minimum toxicity and side effects.

From an ongoing quest to improve our therapeutic
arsenal, we have developed a battery of derivatives by modi-
fication of its scaffolds and demonstrated to have high tubu-
lin binding and anti-tumor activity compared to noscpine
without any debilitating toxicities (Manchukonda et al., 2012,
2013; Naik, Chatterji, et al., 2011; Naik et al., 2012; Santoshi
et al, 2011, 2015). While several synthesized derivatives of
noscapinoids showed promising in vitro activity against a
panel of breast tumor cell lines, the antiproliferative activity
comes to be in higher concentration (IC50>20 pM).
Therefore, there is an urgent need to take up further opti-
mization of noscapine towards development of novel and
more promising derivatives. In this study, we approach to
develop 9-arylimino congeners of noscapine by strategically
modifying its scaffold structure; followed by screening of a
panel of most potent derivatives based on our in silico
efforts. The screened out derivatives were then chemically
synthesized and validated for their anticancer activity based
on cellular study using two human breast cancer cell lines
MCF-7 and MDAMB-231, as well as a panel of primary breast
cancer cells directly obtained from breast cancer patients.
The novel derivatives were found to bind tubulin hetero-
dimer with increased binding affinity, effectively inhibiting
cancer cell proliferation, selectively arrest cancer cells at G2/
M phase and induced apoptosis.

Materials and methods
Protein preparation

The crystal structure of amino noscapine-tubulin complex
(PDB ID: 6Y6D, resolution 2.20 A, Oliva et al, 2020) was
downloaded from the PDB databank and used for structure-
based designing of novel derivatives of noscapine. It was
then prepared using protein preparation wizard workflow
(Schrodinger, LLC, New York, NY). Further, an all atom
molecular dynamics (MD) simulation of 100ns in explicit
water was performed to refine the structure using GROMACS
version 4.5.4 (University of Groningen, Netherlands) software
(Berendsen et al., 1995) and the GROMOS96 force field with
similar parameters as reported earlier (Santoshi & Naik, 2014).
Finally, the last 2000 frames from the MD trajectory were
used to generate an average structure of the tubulin.

Rational design of 9-arylimino congeners of noscapine

We envisaged developing 9-arylimino derivatives of nosca-
pine by hybridizing with arylimino groups (Schiff bases). It is
because; Schiff base analogs have been used in the pharma
industry to develop potential analogs for anticancer activity.

As an example, Schiff bases obtained from coumarin and
pyrazole aldehyde have been tested against cancer cell lines
that showed mild anti-cancer activities (Ali et al., 2013).
Furthermore, mono and bis-Schiff bases have been reported
efficacious against five cancer cell lines (Sondhi et al., 2012).
Towards designing the 9-arylimino noscapinoids, we
approached to strategically appending the Schiff bases con-
taining imino group at the C-9 position of the noscapine
scaffold by in silico combinatorial chemistry to develop a
library as depicted in Figure 1. The library was then used to
screen out a panel of most potent compounds using
molecular docking and predictive binding free energy.

Preparation of molecular structure

Molecular structures of noscapinoids (Figure 2) that have been
previously reported (Aneja, Vangapandu, Lopus, Chandra,
et al., 2006; Manchukonda et al., 2013; Naik, Santoshi, et al.,
2011; Santoshi et al., 2011, 2015) and the newly designed 9-
arylimino noscapinoids (Figure 1) were built using ChemDraw
version 8.00 (California Institute of Technology, USA). These
structures were imported into Maestro (Schrodinger, LLC, New
York, NY) and were energy minimized using Macromodel
(Schrodinger, LLC, New York, NY) and OPLS 2005 force field
with PRCG algorithm (energy gradient of 0.001). The molecular
structures were further refined through density functional the-
ory (DFT) calculations using hybrid DFT with Becke's three-par-
ameter exchange potential and the Lee-Yang-Parr correlation
functional (B3LYP) with basis set 6-31G** using Jaguar
(Schrodinger, LLC, New York, NY). Further, the structural
parameters (bond lengths and bond angles) obtained from
the DFT calculations for the newly designed compounds were
compared with the crystal structure of the noscapine to valid-
ate their structure. The structural parameters of the core struc-
ture of newly designed molecules and crystal structure of
noscapine were almost similar (Supplementary data S1-S3).
The appropriate bond order for each structure was defined
and their various conformations were generated using Ligprep
(Schrodinger, LLC, New York, NY).

Molecular docking

Molecular docking of noscapinoids with af-tubulin hetero-
dimer was performed using Glide (Schrodinger, LLC, New York,
NY) as reported previously (Naik, Santoshi, et al., 2011). Briefly,
a grid box of size 12 Ax12 Ax 12 A was defined at the centroid
of the noscapine binding site (Naik, Santoshi, et al., 2011) using
Glide grid-receptor generation program. All the noscapinoids
were docked using Glide XP (extra precision) and evaluated
using a Glide XPscore function. The single best conformation
for each ligand was considered for further analysis.

LIE-SGB model building

A predictive model was developed based on linear inter-
action energy model (LIE) with a surface generalized Born
(SGB) continuum solvation model (Zhou et al., 2001) to calcu-
late the free energy of binding (FEB) (AGping, prea) Of the
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Figure 1. Strategic development of 9-arylimino noscapinoids by hybridizing Schiff base with natural noscapine.
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Figure 2. The molecular structure of noscapine and its previously reported derivatives 2-11 used as training set for the molecular modeling study.

newly designed 9-arylimino noscapinoids with tubulin. The
training data set of noscapinoids (Figure 2) with known
experimental FEB (AGping, expt) Was used and mapped with
various predicted energy parameters such as van der Waals
(Uygw), columbic (Ucey), reaction field (U,y,) and cavity energy
(Ucay) based on LIE model to develop the empirical predic-
tion model. The AGpjng,expt Of NoOscapinoids with tubulin was
calculated from their respective dissociation constant (K,) val-
ues using the relation:

AGbind,expt = RT In Kd

where R is gaseous constant (0.001986 kcal/mol) and T is
temperature (298 K). Liaison program (Schrodinger, LLC, New
York, NY) was used to estimate the above energy parameters
from the docked complexes of the noscapinoids based on
the Hybrid Monte Carlo simulation technique as reported
previously (Santoshi et al.,, 2015).

AGoing,pred = a((USdW> <Uvdw>>+ﬁ(< bt~ <U£ou.>)
r((00) (Vi) ) +5( ()~ (t1)

Here() represents the ensemble average, b represents the
bound form of the ligand, f represents the free form of the

ligand, and o, B, ¥ and & are the coefficients of various
energy terms, determined using Minitab statistical package
(Minitab Inc., State College, PA). Finally based on the docking
score and the predictive FEB, we have screened out three
most potent 9-arylimino noscapinoids, 12-14 (Figure 3) hav-
ing enhanced binding affinity with tubulin compared to
noscapine for chemical synthesis and cellular evaluation to
determine their anticancer potential.

General procedure for chemical synthesis of 9-arylimino
noscapinoids, 12-14

The natural a-noscapine was used as a starting material to
produce 9-aminonoscapine 6 via two reaction steps involv-
ing bromination of noscapine using aqueous HBr/Br,-H,0 fol-
lowed by amination using Cul, NaN3 and L-Proline in DMSO
as reported earlier (Manchukonda et al., 2012). A solution of
9-aminonoscapine 6 (1.0mmol), in ethanol (15mL), was
refluxed with substituted aryl/heteroaryl aldehydes (2,5-
difluorobenzaldehyde or 5-bromothiophenecarboxaldehyde
or p-bromo benzaldehyde, 1.0 mmol), for 12 h. After the start-
ing material was completely consumed in the reaction
(judged by TLC), the solvent was evaporated under vacuum.
The crude residue was extracted into dichloromethane
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Figure 3. A panel of 9-arylimino noscapinoids, 12-14 that are rationally designed and screened out to have higher binding affinity with tubulin for chemical syn-

thesis and experimental evaluation.

|

Figure 4. A panel of 9-arylimino noscapinoids, 12-14 that are rationally designed and screened out to have higher binding affinity with tubulin for chemical syn-

thesis and experimental evaluation.

(2x15mL) and washed with brine solution. The organic
layer was collected and passed through a Na,SO, bed and
later on removed under reduced pressure. The crude residue
was chromatographed over a triethylamine silica bed, using
pet.ether/ethyl acetate (7:3) as eluents, to produce 9-aryli-
mino noscapinoids, 12-14 as solid products in very good
yield (Figure 4). Structural characterization of all the inter-
mediates and final products 12-14 were done using NMR
("H and '3C), IR spectroscopy and mass (HRMS) spectrom-
etry techniques.

Structural characterization of 9-arylimino
noscapinoids, 12-14

(S)-6,7-dimethoxy-3-((R)-4-methoxy-6-methyl-9-((E)-(quino-
lin-3-ylmethylene)amino)-5,6,7,8-tetrahydro-[1,3]diox-

olo[4,5-g]isoquinolin-5-yl)isobenzofuran-1(3H)-one (12)

Nature: White solid. TLC (Hexane: Ethylacetate 3:1; Rf: 0.21)
M.P: 120-122°C. IR (KBr): 3446, 2929, 2794, 1757, 1626, 1498,
1443, 1382, 1268, 1036, 1007, 970, 763cm ™. 'H NMR
(400 MHz, CDCl3): 6 9.22 (s, TH, N=CH), 835 (d, /= 8.5Hz,
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Figure 5. The newly designed 9-arylimino noscapinoids 12-14 are well accommodated inside the noscapine binding site at the interface of o- and B- tubulin. The
binding site is represented as macromodel surface according to o- and - tubulin (a-tubulin is represented in blue color and B-tubulin is represented in brown
color). The ligplot analysis showed the interaction of binding site amino acids with the 9-arylimino noscapinoids 12-14. The binding site residues involved in the
interactions are slightly different mainly because of the variation in functional groups. The hydrogen bonds formed (if any) are represented as dotted lines.

1H, Ar-H), 8.23-8.15 (m, 2H, Ar-H), 7.86 (d, /= 7.9Hz, 1H, Ar-
H), 7.79-7.74 (m, 1H, Ar-H), 7.62-7.57 (m, 1H, Ar-H), 7.00 (d,
J= 8.3Hz, 1H, Ar-H), 6.31 (d, J/= 8.3Hz 1H, Ar-H), 6.04 (d,
J= 0.9, 17.7Hz, 2H, O-CH,-0), 559 (d, J= 4.4Hz, 1H, Ar-H,
(C3-phthalide)), 4.42 (d, J=4.4Hz, 1H, Ar-H, (C5-isoquino-
line)), 4.10 (s, 3H), 4.07 (s, 3H), 3.85 (s, 3H), 3.16-3.06 (m, TH,
-CHH-N-CH; (C7'-isoquinoline)), 2.78-2.70 (m, 1H, -CHH-N-CH;
(C7’-isoquinoline)), 2.57 (s, 3H, -N-CHs), 2.49-2.40 (m, 1H, Ar-
CHH (C8'-isoquinoline)), 2.14-2.03 (m, 1H, Ar-CHH (C8'-isoqui-
noline)). "*C NMR (75 MHz, CDCls): § 168.0(C = 0), 161.8(Ar-C),
155.8(Ar-CH=N-), 152.1(Ar-C), 147.9(Ar-C), 147.6(Ar-Q),
141.2(Ar-C), 139.77(Ar-C), 139.72(Ar-C), 136.3(Ar-C), 134.4(Ar-
), 130.1(Ar-C), 129.7(Ar-C), 129.5(Ar-C), 128.7(Ar-C), 127.6(Ar-
Q), 127.4(Ar-C), 124.5(Ar-C), 119.8(Ar-C), 118.2(Ar-C), 118.0(Ar-
O, 117.7(Ar-C), 117.6(Ar-C), 101.1(-O-CH,-O-), 81.7(C-phtha-
lide), 62.2(C- isoquinoline), 60.8(-0O-CHs), 59.4(-0O-CHs), 56.7(-
O-CHs), 49.4(-CH,-), 45.9(N-CHs), 22.9(-CH,-). MS (ESI-MS) m/z:

=

568 [M+H]+ HRMS (ESI): Calculated for
[M 4 H]+: 568.20783, found: 568.20704.

C32H30N3O7

(S)-3-((R)-9-((E)-benzylideneamino)-4-methoxy-6-methyl-
5,6,7,8-tetrahydro [1,3]dioxolo [4,5-glisoquinolin-5-yl)-6,7-
dimethoxyisobenzofuran-1(3H)-one (13)

Nature: White solid. TLC (Hexane: Ethylacetate 3:1; Rf: 0.24)
M.P: 88-90°C. IR (KBr): 3426, 2937, 1759, 1627, 1497, 1385,
1266, 1123, 1034, 756, 693cm™ ™. "H NMR (500 MHz, CDCls):
6 8.85 (s, TH, N=CH), 7.89 (d, J= 3.6 Hz, 2H, Ar-H), 7.50-7.42
(m, 3H, Ar-H), 6.99 (d, /= 8.2Hz, 1H, Ar-H), 6.31 (d, J= 8.2Hz,
1H, Ar-H), 599 (d, J= 2044Hz, 2H, O-CH2-0), 5.58 (d,
J= 4.2Hz, 1H, Ar-CH, (C3-phthalide)), 4.40 (d, J= 4.2Hz, 1H,
Ar-CH, (C5'-isoquinoline)), 4.10 (s, 3H, -OCH3), 4.04 (s, 3H,
-OCH3), 3.85 (s, 3H, -OCHs), 3.02-2.94 (m, 1H, -CHH-N-CH;
(C7'-isoquinoline)), 2.72-2.65 (m, 1H, -CHH-N-CH; (C7'-
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isoquinoline)), 2.55 (s, 3H, N-CH3), 2.44-2.36 (m, 1H, Ar-CHH
(C8'-isoquinoline)), 2.06-1.97 (m, 1H, Ar-CHH (C8'-isoquino-
line)). *C NMR (100 MHz, CDCl5): § 168.1(C=0), 161.8(Ar-C),
152.1(Ar-CH=N-), 147.6(Ar-C), 141.3(Ar-C), 141.1(Ar-Q),
139.0(Ar-C), 138.7(Ar-C), 136.9(Ar-C), 134.5(Ar-C), 131.1(Ar-Q),
129.0(Ar-C), 128.6(Ar-C), 128.3(Ar-C), 125.7(Ar-C), 119.8 (Ar-C),
118.3(Ar-C), 117.7(Ar-C), 117.6(Ar-C), 100.8(-0O-CH,-O-), 81.8(C-
phthalide), 62.2(C-isoquinoline), 60.9(-O-CH3), 59.5(-O-CHs),
56.7(-0-CH3), 49.4(-CH;-), 45.9(N-CHs), 22.7(-CH,-). MS (ESI-MS)
m/z: 517 [M+H]+ HRMS (ESI): Calculated for CyoH59N,0O5
[M+ H]+: 517.19693, found: 519.19596.

(S)-3-((R)-9-((E)-((2,4-dichlorothiazol-5-yl)methylene)a-
mino)-4-methoxy-6-methyl-5,6,7,8-tetrahydro[1,3]diox-
olo[4,5-glisoquinolin-5-yl)-6,7-dimethoxyisobenzofuran-
1(3H)-one(14)

Nature: White solid. TLC (Hexane: Ethylacetate 3:1; Rf: 0.26)
M.P: 107-109°C. IR (KBr): 3451, 2932, 1758, 1622, 1499, 1404,
1267, 1066, 1033, 897, 735cm™™. '"H NMR (500 MHz, CDCl5):
6 897 (s, TH, N=CH), 7.02 (d, J= 8.2Hz 1H, Ar-H), 6.39 (d,
J= 82Hz, 1H, Ar-H), 6.04 (dd, J= 1.0, 16.3 Hz, 2H, O-CH,-0),
553 (d, J= 4.4Hz, 1H, Ar-CH, (C3-phthalide)), 4.36 (d,
J= 44Hz, 1H, Ar-CH, (C5- isoquinoline)), 4.10 (s, 3H, -OCHj5),
402 (s, 3H, -OCHs), 3.87 (s, 3H, -OCHs), 2.96-2.89 (m, 1H,
-CHH-N-CH3 (C7’-isoquinoline)), 2.80-2.73 (m, 1H, -CHH-N-CH3
(C7'-isoquinoline)), 2.53 (s, 3H, NCH3), 2.47-2.39 (m, 1H, Ar-
CHH (C8'-isoquinoline)), 2.09-2.01 (m, 1H, Ar-CHH (C8'-isoqui-
noline)). *C NMR (100 MHz, CDCl5): § 167.9(C=0), 154.2(Ar-
C), 152.2(Ar-CH=N-), 149.2(Ar-C), 147.6(Ar-C), 141.3(Ar-Q),
140.1(Ar-C), 139.8(Ar-C), 138.0(Ar-C), 134.8(Ar-C), 134.2(Ar-C),
130.2(Ar-C), 123.6C(Ar-C), 119.6(Ar-C), 118.4(Ar-C), 117.8(Ar-C),
117.5(Ar-C), 101.2(-O-CH,-0-), 81.5(C-phthalide), 62.2(C-isoqui-
noline), 60.8(-OCH3), 59.4(-OCH;), 56.7(-OCHs), 48.9(-CH,-),
45.5(N-CH3), 22.3(-CH,-). MS (ESI-MS) m/z: 592 [M+H]+
HRMS (ESI): Calculated for Cy6Hy4CoN3O; [M+H]+:
592.07065, found: 592.07031.

Cell culture and reagents

Noscapine was obtained from Sigma. All the chemical
reagents and media for cell culture were obtained from
Sigma. Human breast cancer cell line, MCF-7 and MDAMB-
231 were obtained from the cell repository of the National
Centre for Cell Science Pune, Maharashtra, India. Primary
breast cancer cells (PBCs) were isolated from the patient’s
samples. Stock solution (100 mM) of the newly synthesized 9-
arylimino noscapinoids, 12-14 was prepared with dimethyl
sulfoxide (DMSO) and stored at 4°C until use. The cells were
allowed to grow at a temperature of 37°C in a 5% CO, and
95% humidity in Dulbecco’s modified Eagle medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and antibi-
otics. Cells with a 70-80% confluence were subcultured for
bioassays using trypsin-EDTA (0.25%).

In vitro cell proliferation assay using MCF-7 and
MDAMB-231 cell lines

Antiproliferation activity of 9-arylimino noscapinoids, 12-14
was performed in 96-well plates as described previously
(Naik, Santoshi, et al,, 2011) using two human breast cancer
cell lines, MCF-7 and MDAMB-231. In brief, cells were grown
in DMEM culture medium supplemented with 10% FBS, 1%
penicillin/streptomycin and 2mM I-glutamine at 37°C in a
humidified atmosphere with 5% CO,. Cells were plated at a
density of 5 x 10% cells per well and were treated with gradi-
ent concentrations (5-100 puM) of noscapine and its deriva-
tives, 9-arylimino noscapinoids, 12-14 for 72h. The cells
were then fixed with 50% trichloroacetic acid and stained
with 0.4% sulforhodamine B (SRB). The unbound dye was
removed by washing. The protein-bound dye was then
extracted with T0mM Tris base and measured the optical
density at 564 nm using a SPECTRAmax PLUS 384 microplate
spectrophotometer. The ICsy value that stands for the drug
concentration required to achieve a cell kill of 50% was
determined using the online tool Quest GraphTM ICsq
Calculator (AAT Bioquest, Inc.,, Sunnyvale, CA, https://www.
aatbio.com/tools/ic50-calculator). The  experiment was
repeated for three times.

Primary breast cancer cells (PBCs) culture and in vitro
cell proliferation assay

PBCs were isolated from the patient’s samples (8 nos.) with
different stages of breast cancer before drug treatment in
aseptic condition. The tumor tissues were treated with 0.25%
trypsin and filtered with 70 um filter followed by centrifuga-
tion at 2000 rpm for 3 min with serum-free medium. The fil-
tered cells were collected and plated in T25 flask and
incubated with complete DMEM culture medium, supple-
mented with 10% FBS and 1% pentrip (mixture of penicillin
and streptomycin) at 37°C under 5% CO,. Fresh media was
replaced every 3-4 d, and subsequent passages were per-
formed under the same conditions as mentioned above. The
cultured were maintained for homogeneous cell type at sub-
confluence between 3 and 8 passages. Cells were allowed to
reach 80-90% confluence prior to experimental treatments.
After the confluence reached, the primary cells were plated
at 2000 cells/well in 96 wells plate with culture media. The
cells were maintained at 37°C in a humidified atmosphere
with 5% CO, and were treated with gradient concentrations
(5-100 pM) of noscapine and 9-arylimino noscapinoids,
12-14 for 72 h. Measurement of cell proliferation was per-
formed by SRB assay, using the CellTiter96 AQueous One
Solution Reagent (Sigma, St. Louis, MO). Cells were stained
with SRB for 30min. The unbound dye was removed by
washing. The bound dye was extracted with 1T mM tris and
absorbance was measured using a SPECTRAmax PLUS 384
microplate spectrophotometer at 564 nm. The percentage of
cell survival as a function of drug concentration was plotted
and the ICso value was determined using the online tool,
AAT Bioquest. The experiment was repeated three times.


https://www.aatbio.com/tools/ic50-calculator
https://www.aatbio.com/tools/ic50-calculator

Flow cytometry analysis of cell cycle progression

Inhibition of cell cycle progression with the treatment of 9-aryli-
mino noscapinoids was investigated using MDAMB-231 cells. The
cells were maintained in DMEM culture media with 4.5 g/L glucose
and L-glutamine supplemented with 10% FBS and 1% penicillin/
streptomycin, at 37 °C in a 5% CO, atmosphere. After reaching the
80-90% confluence, cells were treated with noscapine and 9-aryli-
mino noscapinoids, 12-14 dissolved in 1% phosphate buffer
saline (PBS). After 72 h of treatment, cells were harvested and ana-
lyzed using flow cytometry. Briefly, 2 x 10° cells were centrifuged,
washed twice with ice-cold PBS and fixed in 70% ethanol at
—20°C for 24 h. The cells were centrifuged at 1000 x g for 10 min
and the supernatant was discarded. The pellet was resuspended in
30 pL of phosphate/citrate buffer (0.2 M Na,HPO,/0.1 M citric acid,
pH 7.5) at room temperature for 30 min. The cells were washed
with 5mL of PBS, incubated with 0.5mL of propidium iodide
(20 pg/mL in 0.6% Triton-X in PBS) and 0.5 mL of RNase A (20 pg/
mL in PBS) for 45 min. in dark. Samples were analyzed on a flow
cytometer (BD FACS Aria-lll) and the progress in the cell cycle
was determined.

Flow cytometry analysis for apoptosis assay

Apoptosis in cancer cells was detected by Annexin-V-FITC
apoptosis detection method by using Apoptosis detection kit
(Sigma-Aldrich, St. Louis, MO) based on instruction provided
by manufacture. For experimental purpose 3 x 10* cells per
well were seeded on 12 well culture plate and incubated for
24 h with complete medium. The cells were treated with 1Csq
concentration of noscapine and 9-arylimino noscapinoids,
12-14 and were harvested at 72 h. Cells were typsinized and
stained with surface marker antibodies (biotin-conjugated
Annexin V, FITC-conjugated streptavidin) and propiumdium
iodide (PI). Cells were allowed to suspend in 1X binding buf-
fer and incubated with Annexin V FITC conjugate for 20 min
in dark condition at room temperature. Flow cytometer data
with 488 nm excitation for Pl and emission at 530 nm were
collected. Viable cells (Annexin V7/PI7), early apoptotic cells
(Annexin V/PI7), late apoptotic/necrotic cells (Annexin V*/
PI") and late necrotic cells (Annexin V~/PI") were identified
and determined their percentage.

Results and discussion

After the establishment of anticancer activity of the lead
molecule, noscapine, several derivatives have been devel-
oped by various groups in order to increase its therapeutic
outcome. Many of these derivatives were demonstrated to
have higher binding affinity with tubulin, antiproliferative
activity and induction of apoptosis. As an example the tubu-
lin-binding affinity and antiproliferative activity have been
increased to 20-80 folds by developing halogenated, nitro,
amino and biaryl noscapinoids by modification at C-9 pos-
ition of the scaffold (Aneja, Vangapandu, Lopus, Chandra,
et al., 2006; Aneja, Vangapandu, Lopus, Viswesarappa, et al.,
2006; Naik et al, 2012; Santoshi et al., 2015) as well as by
functionalization of ‘N’ in isoquinoline unit of natural
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a-noscapine (Jain et al., 2011). Structure-activity data of these
derivatives of noscapine led us to develop a reasonable pre-
dictive model for predicting the FEB of newly designed deriv-
atives and screening of promising derivatives. We are
reporting in this study a panel of 9-arylimino noscapinoids,
12-14 as potent anticancer agents.

Docking score of designed noscapinoids with tubulin

The molecular interaction and binding affinities of designed
noscapinods, 12-14 onto tubulin were calculated applying
molecular docking in combination with LIE-SGB empirical
modeling. Noscapinoids, previously reported (Figure 2) and
newly designed in this study (Figure 3) were docked into the
noscapinoids binding site (Naik, Santoshi, et al., 2011; Oliva
et al, 2020) using Glide XP (extra precision) and evaluated
using a Glide XP. e function (Friesner et al., 2004; Halgren
et al, 2004). The three 9-arylimino noscapinoids, 12-14,
which revealed better docking scores ranging from
—8.466 kcal/mol to —6.085 kcal/mol than the parent com-
pound, noscapine (—5.505kcal/mol) were finally screened
out. All the three noscapinoids docked well at the interface
of a- and B- tubulin (Figure 5). Their mode of interaction
with the binding site amino acids is depicted as ligplot
(Figure 5). The ligplot explains the formation of different
hydrogen bonds and hydrophobic interactions between the
ligands and the binding site amino acids.

Predictive binding affinity of 9-arylimino noscapinoids,
12-14 with tubulin (LIE-SGB calculation)

The binding affinity (AGging,preq) Of 9-arylimino noscapinoids,
12-14 with tubulin was predicted based on computationally
developed LIE, utilizing the experimental activity of training
set molecules (Table 1). Since the molecular docking predicts
accurate binding pose for the ligands onto the receptor, we
have used the docking complexes of noscapinoids with
tubulin and performed hybrid Monte Carlo simulation with
generalized Born (SGB) continum solvation model to calcu-
late the various interaction energy terms (van der Waals
energy (Uygw), Columbic energy (Uoy), reaction energy (Uyyn)
and cavity energy (U,)) using liaison (Schrodinger). These
energy parameters of the training set molecules (Table 1)
were mapped with their AGpingexpt based on LIE model to
develop the robust prediction model for predicting the
AGpingpred Of the noscapinoids with tubulin. The values
obtained for the four fitting parameters, o, B, v and & are
0.08446, —0.00223, —0.000872 and —0.45601, respectively.
The AGyingprea Of the training set molecules based on LIE-
SGB model is very close to the AGpingexpt (root mean square
error was 0.243 kcal/mol) (Table 1). The quality of the fit can
also be judged by the value of the squared correlation coeffi-
cient (R and analysis of variance (F-value).

AGping, pred = 0.08446<U,q,y> — 0.00223<Ucoy>
— 0.00872<Unn> — 0.45601<Ucqy>

(n=11, R°=0.998, s = 0.243, F = 3742.6, p<.001)
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Figure 6. The 9-arylimino noscapinoids 12-14 are more active compared to noscapine in inhibiting the proliferation of human breast cancer cells. Both (A) MCF-7

and (B) MDAMB-231cells were treated with noscapine and 9-arylimino noscapi
experiments.

noids, 12-14 for 72 h. Each value represents the average of three independent

Table 1. Molecular docking results (Glide XP) as well as calculated energies using Liasion programme (Schrodinger package) of noscapine and
its derivatives: van der Waals energy (U,qw), Columbic energy (Ucou), reaction energy (U,) and cavity energy (U.,) as well as predicted bind-
ing free energy (AGpjng,preq) based on LIE-SGB prediction model and experimental binding free energy (AGying,expt)-

Glide Experimental

XPscore <Uygw> <Ucou> <Upn> <Ueav> AGping Predicted AGping
Ligand (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 —1.927 —45.14 —330.8 135.5 2.097 —5.246 —5.212
2 —2.038 —49.00 —210.2 116.0 3.283 —6.006 —6.178
3 —2.766 —42.50 —362.1 155.9 4.208 —5.827 —6.060
4 —2.940 —48.06 —355.8 168.7 2.548 —5.587 —5.899
5 —3.263 —47.69 —285.7 135.5 3.103 —6.360 —5.987
6 —4.492 —47.44 -773 118.2 3.954 —6.628 —6.668
7 —2.605 —33.39 —331.9 176.7 4.465 —5.551 —5.657
8 —2.287 —45.57 —277.9 1123 3.285 —5.665 —5.706
9 —2.350 —33.47 —324.5 152.5 3.766 —5.783 —5.151
10 —3.679 —45.41 —471.2 152.8 3.669 —5.673 —5.790
11 —4.687 —42.69 —267.6 129.9 3.465 —5.518 —5.722
12 —6.031 —42.73 —373.1 180.6 3.976 - —6.166
13 —2.862 —45.81 —3174 150.1 4.602 - —6.411
14 —3.001 —47.26 —277.2 169.3 6.092 - —7.512

The newly designed 9-arylimino noscapinoids, 12-14 revealed improved AGpindpred COMpared to the lead molecule, noscapine.

<Uyaw>, <Ucou>, <Uxn> and <U,> energy terms represents the
bound and free state of the ligands and its environment.

Because of high predictability, the LIE-SGB model was
used to predict the AGyingprea Of the newly designed 9-aryli-
mino noscapinoids, 12-14, which revealed improved pre-
dicted binding energy of —6.166kcal/mol for 12,
—6.411 kcal/mol for 13 and —7.512kcal/mol for 14, respect-
ively, in comparison to the lead molecule (—5.135kcal/mol)
were chemically synthesized for experimental evaluation.

9-Arylimino noscapinoids, 12-14 inhibits proliferation of
MCF-7 and MDAMB-231

Based on our in silico results, we focused at the cellular level
to determine if the 9-arylimino noscapinoids, 12-14, affected
cancer cell proliferation. All the 3 compounds including the
parent compound, noscapine were analyzed for their anti-
proliferative activity in two human breast cancer cell lines,
MCF-7 (estrogen- and progesterone-receptor positive) and
MDAMB-231 (estrogen- and progesterone-receptor negative).
The 1Cso values for the compounds for both the cell lines are
collated in Table 2. The 9-arylimino noscapinoids, 12-14
exhibited potent cytotoxic activity in comparison to

ensemble average energy terms calculated as the difference between

Table 2. ICso values of novel 9-arylimino noscapinoids, 12-14 using two
human breast adenocarcinoma cell lines, MCF-7 and MDAMB-231.

ICso (uM)
Noscapine 12 13 14
MCF-7 445+48 16.0+2.7 71+13 36+0.8
MDA-MB-231 53.1+45 205+29 11.2+16 6.0+1.2

All the novel derivatives were found to have improved antiproliferative activity
compared to noscapine.

noscapine using both the cell lines (Figure 6). The ICsqy value
amounted to 44.5, 16.0, 7.1 and 3.6 uM for noscapine, 12, 13
and 14, respectively, for MCF-7 cells, which reflects a modest
antiproliferative activity. Parenthetically, a similar modest 1Csq
value of 53.1, 20.5, 11.2 and 6.0 pM was measured for nosca-
pine, 12, 13 and 14, respectively, for MDAMB-231 cells. The
differences in 1Csq values obtained using MCF-7 and MDAMB-
231 for these 9-arylimino noscapinoids were cell-type
dependent. Although a significant correlation on the sensitiv-
ity of cancer cells to these analogues cannot yet be estab-
lished at this stage, it is evident, that tubulin represents a
potential target for these compounds.
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Figure 7. The 9-arylimino noscapinoids, 12-14 are more active compared to noscapine in inhibiting the proliferation of a panel of human primary breast cancer
cells. All the cells treated with 9-arylimino noscapinoids, 12-14 for 72 h. Each value represents the average of three independent experiments.

9-Arylimino noscapinoids, 12-14 inhibits proliferation of
primary breast cancer cells

Further, we tested the antiproliferation activity of 9-arylimino
noscapinoids, 12-14 using a panel of primary breast tumor
cells. We have obtained the surgically removed breast tumor
samples from 08 different patients with different stages of
breast cancer and processed the samples to isolate the pri-
mary tumor cells. All these primary breast tumor cells were
treated with increasing concentrations of the noscapinoids
to determine their 1Csq value. The ICs, values for the test
compounds are collated in Table 3. The IC5o value ranges
from 39.7 to 53.8uM for noscapine, 17.2-26.4 uM for 12,
9.7-16.4 pM for 13 and 4.4-9.5 uM for 14 using a panel of
primary breast cancer cells (Table 3). All the 9-arylimino
noscapinoids developed exhibited potent cytotoxic activity in
comparison to noscapine using all the primary breast cancer
cells (Figure 7).

9-Arylimino noscapinoids, 12-14 induced apoptosis to
cancer cells

We approached to determine the induction of apoptotic cell
death to breast cancer cell by the newly developed 9-aryli-
mino noscapinoids, 12-14. Biochemically the apoptotic

process is characterized by alterations of lipid composition of
cell membrane - phosphatidylserine which is normally on
the inner leaflet of the cell membrane, translocates to the
outer leaflet, which can be measured fluorescently by
annexin V binding. In contrast, a cell-impermeant DNA-bind-
ing fluorescent dye, propodium iodide can only enter the
cells when it is at the stage of late apoptosis when mem-
brane permeability is compromised. The apoptotic cells can
be quantified in large extent by FACS analysis. The percent-
age of early apoptotic and late apoptotic cells using
MDAMB-231 cell lines for the treatment of noscapine and its
9-arylimino noscapinoids, 12-14 with a concentration of
25 puM for 72h is collated in Table 4. Representative Figs of
flow cytometry analysis with treatment of noscapine and its
9-arylimino noscapinoids, 12-14 are included in Figure 8.
After 72 h of culture, the control untreated cell culture con-
tained only very few early apoptotic (2.5%) and late apop-
totic cells (1.0%), which were considered as the background
cell death due to regular trauma during cell culture (Table 4).
In contrast, the percentage of early apoptotic cells of 15%,
45%, 56% and 5% as well as late apoptotic cells of 30%, 3%,
4% and 35% with treatments of noscapine and its 9-aryli-
mino noscapinoids, 12-14, respectively, was found to be sig-
nificantly high compared to controlled untreated cells
(Table 4).
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Table 3. 1Cs5q values of novel 9-arylimino noscapinoids, 12-14 using primary
breast cancer cells isolated from breast tumor tissue of different patients.

ICs0 (M)

Patients no. Noscapine 12 13 14

1 53.8+53 244+29 149+24 9.5+0.7
2 47.1+57 264+26 15.6+1.8 75105
3 43.8+48 243+27 16.4+23 73+0.8
4 39.7+£43 18.6+23 102+1.3 44104
5 446+49 17.2+£22 99+15 59+06
6 47.0+45 21.9+3.1 11.0+1.7 53+03
7 46.9+48 259+35 9.7+0.8 6.4+0.5
8 46.3+5.2 21.7+£26 11.1£06 6.4+04

All the novel derivatives were found to have improved antiproliferative activity
compared to noscapine.

Cell cycle profile and mitotic arrest of cancer cells at
G,/M phase with treatment of noscapinoids

To ensure the induction of cell death, we examined the
effect of noscapine and 9-arylimino noscapinoids, 12-14
(25 uM concentration) on the cell cycle profile of MDAMB-
231 based on FACS analysis and represented in Figure 9.
Fluorescently labeled DNA accumulation is a good pointer of
cell cycle profile and cell death. Cells with 2 N DNA represent
the G1 phase, while cells with duplicated 4 N DNA represent
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G2 and M phases. Cells in the process of DNA duplication
with 2 N and 4 N peaks represent S phase when DNA is
being synthesized. Less than 2 N DNA appears in populations
of dying cells that degrade their DNA to different extents.
Treatment of MDAMB-231 cells for 72h with the test com-
pounds led to significant perturbations of the cell cycle pro-
file at 25 pM. FACS analysis revealed high accumulation of
cells in the G2M phase at 72h of treatment of noscapine
and its 9-arylimino derivatives compared to untreated cells
(Table 5). In contrast to G2M block, a characteristic hypodi-
ploid DNA content peak (sub-G1) was seen to rise at 72 h of
treatment. The progressive generation of cells having hypo-
diploid DNA content reflects fragmented DNA, indicating
dying cells.

Conclusion

In conclusion, we have strategically designed a panel of 9-
imine-noscapinoids of natural lead molecule, noscapine in
quest of accelerating its anticancer activity. We have also
provided simplest methods for the direct and regioselective
modification of noscapine scaffold to produce the 9-aryli-
mino derivatives in high yields. All the three 9-arylimino
noscapinoids, 12-14 developed have showed increase anti-
proliferative activity to cancer cells based on our extensive
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Figure 8. Flow cytometry analysis of phosphatidylserine (PS) exposure in MDAMB-231 cells treated with noscapine and its 9-arylimino noscapinoids, 12-14 with
25 pM for 72 h and compared with non-treated control cells. Annexin-V and propidium iodide (Pl) were used to distinguish among three sub-populations of cells:
PI- and Annexin V- cells represent viable cells with intact membrane and preserved amino-phospholipid asymmetry, PI- and Annexin V -+ cells represent early
apoptotic cells with intact cellular membrane exposing phosphatidylserine, whereas Pl +and Annexin V + cells represent late apoptotic cells with compromised
asymmetry and membrane permeability. Representative results of three independent experiments.
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Figure 9. Noscapine and its 9-arylimino derivatives inhibit cell cycle progression at mitosis followed by the appearance of a characteristic hypodiploid (sub-G1)
DNA peak, indicative of apoptosis. Panels A-E depict analyses of cell cycle profile, determined by flow cytometry using MDAMB-231 cells treated with 25 uM con-

centration of noscapine and its derivatives at 72 h of treatment.

Table 4. Percentage of viable (Q3), early apoptotic (Q1), late apoptotic (Q2)
and necrotic (Q4) cell measured by flow cytometry.

Noscapine 12

Viability/Apoptotic Control (%) (%) (%) 13 (%) 14 (%)
Q1 25 15 45 56 5
Q2 1 30 3 4 35
Q3 94 50 50 35 15
Q4 0.5 1 2 3 45

Table 5. Effect of noscapine and its 9-arylimino noscapinoids, 12-14 on cell
cycle profile of MDAMB-231 cells treated with 25 uM solution for 72 h.

72h
Sub-G, Go/Gy S G,/M
Control 0.9 9 14 7.2
Noscapine 3.2 11.8 9.7 13.8
12 53 13.2 8.2 19.7
13 7.5 12.7 11.2 326
14 8.9 14.2 10.1 373

molecular modeling and cellular study using two human
breast cancer cell lines, MCF-7 and MDAMB-231 as well as a
panel of primary breast cancer cells. Therefore, these novel
compounds may prove efficacious not only in the treatment
of breast carcinoma, but also for other type of cancers. Our
results compel us to continue to examine the effects of these

novel compounds on in vivo animal experiment with the
final goal of taking it to the human clinical study.
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