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1 Introduction

Discovery of potential small molecule inhibitors
against B-hCG: an in silico study with in vitro
validationt
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Bhavana Ramachandran,® R. L. Neetha,?® Arathy V. Warrier,? M. A. Aiswar%a,ad
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Previous in vitro and in vivo studies have shown an association between BRCAl-defective cancers and the
expression of B-hCG, where accelerated tumor progression has been observed in the presence of -hCG
due to its binding to and phosphorylation of TGFBR-II. Given the absence of reported small molecule
inhibitors against B-hCG, the present study endeavours to identify the interacting residues of B-hCG with
TGFBR-II. Through virtual screening, molecular docking and dynamic simulation studies, the investigation
identified six potential small molecule inhibitors, namely, cefotetan, 2’,7'-dichlorofluorescein (DCF), 2/,7'-
difluorofluorescein (DFF), F6658-4634, F0922-0590 and F0385-0029. Notably, all inhibitors exhibited
interacting residues on B-hCG that coincided with the site to which it binds to TGFBR-II. Further in vitro
MTT assays showed a reduction in proliferation in various cell lines, including the cell line developed in
our laboratory, which was induced to have BRCA1 promoter hypermethylation using modified CRISPR
technology. Binding studies such as Microscale Thermophoresis (MST) and Isothermal Titration
Calorimetry (ITC) exhibited the binding of cefotetan to hCG, which could be indicative of the selective
cytotoxic effect of cefotetan in B-hCG secreting breast cancer cell lines. The results indicate selective
inhibition by these potential inhibitors in BRCA1-defective breast cancer cell lines, with cefotetan being
the best among all with an ICsq of 32 pM. This is the first study to report the anticancer activity of
cefotetan, an FDA-approved drug used to treat bacterial infections, and this drug could be repurposed as
a targeted therapeutic against B-hCG expressing cancers. Findings of this study hold significant
implications for developing potential therapeutic interventions, which target B-hCG in the context of
BRCAL-defective breast cancers, aligning with the broader goal of advancing precision medicine in
oncology.

culminating in triple-negative breast cancers (TNBCs) in
approximately 40% of cases.’ The presence of the beta subunit

Breast cancer (BC) represents a significant global health
concern, accounting for 23.8% of the global cancer burden and
15.4% of cancer-related deaths among women worldwide."* Of
note, the majority of BC cases occur sporadically, often associ-
ated with hypermethylation in the BRCA1 promoter and
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of human chorionic gonadotropin (hCG), a glycoprotein
secreted by syncytiotrophoblasts within the placental endome-
trium, has been detected in some cancers.* Extensive in vitro
and in vivo investigations conducted in our laboratory have
revealed the expression of B-hCG in BRCA1-defective cancers.
The role of B-hCG in accelerating tumor progression and
enhancing aggressiveness in BRCA1l-defective cancer cells
through the Smad signalling pathway indicates a direct relation
between serum B-hCG levels and the disease progression in
women with breast malignancies. B-hCG as a monomer (and
not a-hCG) is reported to be expressed by various cancer cells
and is considered stable; even free B-hCG is secreted through
urine in pregnant women.

Human chorionic gonadotropin (hCG) is a heterodimeric
molecule consisting of o and B subunits, with the B-subunit
spanning 145 amino acids, thus setting hCG apart from other
glycoproteins. The o subunit of hCG is common to FSH, LH and
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TSH, but the B subunit is unique to hCG, which is secreted by
certain cancers, thus setting hCG apart from other glycopro-
teins.™ In the realm of cancer therapeutics, the prospect of
targeting the B-subunit of hCG holds potential by impeding its
interaction with TGFBR-1I, consequently mitigating tumor
progression through the Smad signalling pathway in cancers
expressing B-hCG. While the conventional approach of target-
ing the receptor, specifically TGFBR-II in BRCA1-defective
cancers, may appear more intuitive, it is imperative to recog-
nize the multifaceted role of TGFp signalling. This encompasses
pivotal biological pathways in both adult organisms and
developing embryos, regulating cell growth, differentiation,
migration, apoptosis, cellular homeostasis and other cellular
functions.”” Disruption of the TGFB signalling pathway,
including inhibition of TGFBR-II, has the potential to perturb
these essential cellular processes.

The atypical expression of B-hCG offers a viable therapeutic
strategy in BRCA1-defective breast cancers. This approach not
only streamlines the drug discovery process but also circum-
vents the long timelines and exorbitant costs associated with
traditional drug development endeavours.

Drawing parallels with a study on the design of inhibitors
against a secretory molecule akin to B-hCG, such as the design
of IL-6 inhibitors utilizing in silico methodologies,™ the stra-
tegic importance of narrowing down potential drug candidates
for subsequent in vitro validation cannot be ignored.

In light of the absence of identified chemical inhibitors
against B-hCG to date, the present study leveraged in silico tools
including ZDOCK,** CastP,"” PrankWeb'® and the Schrodinger
suite to facilitate the identification of prospective small mole-
cules capable of inhibiting B-hCG. Validation of these findings
was conducted in vitro utilizing the MTT assay, offering a novel
avenue for the development of targeted therapies against
BRCA1-defective cancers.

2 Results and discussion
2.1 Binding site residues of TGFBR-II on B-hCG

B-hCG interaction with TGFBR-II in promoting tumor progres-
sion via the Smad signalling pathway within BRCA1-defective
cancers have been shown. The ZDOCK server was leveraged to
discern the specific binding sites of TGFBR-II on B-hCG.

Fig. 1a illustrates the selection process that was used to
scrutinize the top 10 models generated by the ZDOCK server. To
note are the residues highlighted in red, symbolizing the exact
binding sites of TGFBR-II on B-hCG, illuminating the critical
molecular interfaces essential for their interaction. The boxes
within Fig. 1a serve as indicators of the prevalence of these
residues across the top 10 models, offering insights into the
consistency and significance of these binding sites. The
numerical annotations at the bottom of Fig. 1a indicate the
specific residue numbers along the B-hCG chain to help map
the interacting residues. This analysis not only enriches our
understanding of the molecular underpinnings of tumor
progression in BRCA1-defective cancers but also lays a robust
groundwork to explore therapeutic strategies that target the
interaction between B-hCG and TGFBR-II.
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From Fig. 1b, it is evident that residues P-3, R-5, R-7, P-39, T-
40, M-41, T-42, R-43, V-44, L-45, Q-46, L-52, P-53, V-55, R-60, Q-
89 and C-90 exhibit a frequency of occurrence =50% in the
binding site residues of TGFBR-II on B-hCG within the top 10
complexes. Notably, residues P-39, T-40, M-41 and R-43
demonstrate the highest frequency of occurrence at 90%.
These identified residues are anticipated to play a direct role in
the binding interaction between B-hCG and TGFBR-II. Given the
significance of these residues in the B-hCG-TGFBR-II interac-
tion, thereby promoting tumor progression, exploring small
molecules that target these specific residues could offer
a promising therapeutic approach.

2.2 Binding site prediction using PrankWeb, CastP and
SiteMap tool

The software tools PrankWeb, CastP and SiteMap in Schro-
dinger Maestro version 13.5 were used to pinpoint potential
active sites, as shown in Fig. 1c. Notably, certain residues such
as L-16 (predicted by PrankWeb and CastP), V-56 (predicted by
SiteMap and PrankWeb), Y-59 (predicted by PrankWeb and
CastP), A-83 (predicted by PrankWeb and CastP), T-98 (pre-
dicted by PrankWeb and SiteMap) and P-107, L-108 (predicted
by CastP and SiteMap) exhibit overlapping predictions.
Conversely, while some residues do not coincide, they are
positioned adjacent to the overlapping residues, such as A-14
and T-15 (predicted by Schrédinger's SiteMap) and L-16 (pre-
dicted by PrankWeb). From these results, it can be concluded
that the prediction of active site residues by different software
shows similar results. The results from the SiteMap software
were used for further analysis.

2.3 Virtual screening, molecular docking and MM-GBSA
calculation

The suite of virtual screening and molecular docking tools
within the Schrodinger software package, encompassing (HTVS)
high throughput virtual screening, (SP) standard precision and
(XP) extra precision, in conjunction with Desmond Prime for
free energy calculations, facilitated the identification of the top
five candidate molecules capable of potentially inhibiting (-
hCG. Table 1 presents the top 5 molecules along with their
docking scores and free energies (kcal mol™"). Additionally,
Table 2 showcases the molecular formula, molecular weight
(M.W.) and structures of these small molecules, while ESI Table
271 delineates the SMILES format of the small molecules. These
molecules are expected to bind to B-hCG, impeding its inter-
action with TGFBRII. Several virtual libraries were used as
mentioned in the Experimental section.

2.4 Bonding interactions of the identified inhibitors with B-
hCG using molecular dynamics (MD) simulations

MD simulations were conducted over a duration of 100 ns,
focusing on the interaction of five small molecules with B-hCG,
including derivatives of compound 2,6,7-trihydroxy-9-(2-
hydroxyphenyl)-3H-xanthen-3-one, specifically 2',7’-dichloro-
fluorescin and 2’,7'-difluorofluorescein, all of which exhibited
stable binding with B-hCG.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Model 1 KHPLRPRCRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLQGVLPALPQVCNYRDVRFESIRLPGCPRGVNPVVSYAVALSCQCALCRRSTTDCGGPKDHPLTCD

Model 2 KEPLRPRICRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLAGVLPALPQVCNYHDVRFESIRLPGCPRGVNPVVSYAVALSE QCJALCRRSTTDCGGPKDHPLTCD

Model3  ygp| RPRICRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVL]GVLPALPQVCNYHDVRFESIRLPGCPRGVNPVVSYAVALSE QAL CRRSTTDCGGPKDHPLTCD
Model4  KHPLRPRCRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLOGVLPALPQYVCNYHDVRFESIRLPGCPRGVNPVVSYAVALSCQCALCRRSTTDCGGPKDHPLTCD
Models  KHPLRPRCRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLOGVLPALPQYVCNYHDVRFESIRLPGCPRGVNPVVSYAVALSCQCALCRRSTTDCGGPKDHPLTCD
Model&  dp| RPRICRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLAGVLPALPQYVCNTHDVRFESIRLPGCPRGVNPVVSYAVALSE QCJALCRRSTTDCGGPKDHPLTCD
Model 7 KHPLRPRCRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLAGVLPALPQYVCNTHDVRFESIRLPGCPRGVNPVVSYAVALSE QCALCRRSTTDCGGPKDHPLTCD

Model 8 KHPLRPRICRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLAGVLPALPQYVCNTHDVRFESIRLPGCPRGVNPVVSYAVALSE QCALCRRSTTDCGGPKDHPLTCD

Model 9

KEPLRPRICRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLQGVLPALPQYVCNYHDVRFESIRLPGCPRGVNPVVSYAVALSE QCLCRRSTTDCGGPKDHPLTCD

Model 10 KEPLRPRCRPINATLAVEKEGCPVCITVNTTICAGYCPTMTRVLQGVLPALPQVVCN|HDVRFESIRLPGCPRGVNPVVSYAVALSCQCALCRRSTTDCGGPKDHPLTCD
|
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Fig.1 (a) Top 10 models of the B-hCG sequence, depicting the binding site residues of TGFBR-II (highlighted in red) as predicted by the ZDOCK
server. The numerical annotations at the bottom of the figure corresponds to the residue numbers on the B-hCG chain. Rectangular boxes within
the figure indicate the prevalence of these residues across the top 10 models. (b) Displays the frequency of occurrence of the binding site
residues in the top 10 models of B-hCG with TGFBR-II, as anticipated by the ZDOCK server. (c) A comparative analysis of the predicted active site
residues of B-hCG generated by different software tools, namely, PrankWeb, SiteMap (Schrédinger), and CastP.

Among the small molecules identified, cefotetan demon- CYS-93, GLN-54, ARG-95, LEU-52, GLN-46, CYS-100, GLY-36,
strated the most stable interaction with f-hCG. This compound CYS-57 and CYS-38 (Fig. 2a). From the top ZDOCK 10 models
established contacts with multiple residues of f-hCG, including in Fig. 1a, even if one of the models contained a binding site

Table 1 Top five small molecules along with their corresponding docking scores and free energies

SI no. Small molecule Docking score MMGBSA (kcal mol )
1 Cefotetan -5.17 —45.44
2 F0922-590 —6.04 —60.77
3 F0385-0029 —5.61 —65.22
4 F6658-4634 —7.94 —42.34
5 2,6,7-Trihydroxy-9-(2-hydroxyphenyl)-3H-xanthen-3-one —6.29 —47.01

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 19561-19580 | 19563
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Table 2 Assortment of potential small molecule inhibitors, their structures, docking scores, and free energies

SL M.W.
no. Name (molecular formula) and or (IUPAC name) (a.u.)  Structure
i
=~ N/
Cefotetan (C;,H;5N,0¢S,) (6R,7S)-7-[[4-(2-amino-1-carboxy-2- ) Y
1 oxoethylidene)-1,3-dithietane-2-carbonylJamino]-7-methoxy-3- 573.607 o o, . °
[(1-methyltetrazol-5-yl)sulfanylmethyl]-8-oxo-5-thia-1-azabicyclo[4.2.0] ’ - s
oct-2-ene-2-carboxylic acid “>4/2;/\ >
F0922-0590 (C35H35N305) N-[2-(3,4-dimethoxyphenyl)ethyl]-4-({1- i ;\f‘ ﬂ{ W
2 [(2,5-dimethylphenyl)methyl]-2,4-dioxo-1,2,3,4-tetrahydroquinazolin-3-yl} 577.686 .w""-\w"‘""
methyl)benzamide
F0385-0029 (Cy5H,,N,05S,) 3-(4-{5-[(5E)-3-{3-[(3-carboxyphenyl)
3 carbamoyl]propyl}-4-oxo-2-sulfanylidene-1,3-thiazolidin-5-ylidene]- 670.766
4-oxo-2-sulfanylidene-1,3-thiazolidin-3-yl}butanamido)benzoic acid
F6658-4634 (C16H,0N50,) 6-(4-{5,6-dimethyl{1,2,4]triazolo[1,5-a]
4 pyrimidin-7-yl}piperazin-1-yl)-3-methyl-1,2,3,4-tetrahydropyrimidine-2, 356.390
4-dione
5  2,6,7-Trihydroxy-9-(2-hydroxyphenyl)-3H-xanthen-3-one (C19H;206) 336.304

residue of TGFBR-II on B-hCG, it would be considered, espe-
cially if it coincided with a residue maintaining hydrogen bonds
(which are very important for drug design) with cefotetan.
Therefore, residues GLN-54 (hydrogen bonding), LEU-52
(hydrogen bonding), GLN-46 (hydrogen bonding), CYS-100
(hydrogen bonding), GLY-36 (water bridges), CYS-57
(hydrogen bonding) and CYS-38 (water bridges) are
mentioned (Fig. 1a and 2e). GLY-36 shows almost continuous
contact throughout the set simulation with multiple points of
contact in the contact timeline diagram of cefotetan (Fig. 2c),
hence this residue is mentioned despite it forming only water
bridges with cefotetan (Fig. 2e). At CYS-38, the RMSF shows
a very stable value (within 1.6 A) (Fig. 2d) and forms a point of
contact indicated by a green vertical bar; therefore, this residue
is being mentioned despite it forming only water bridges
(Fig. 2e). ARG-95 was mentioned despite it not being a coin-
ciding residue, as it contributes most significantly to the

19564 | RSC Adv, 2025, 15, 19561-19580

hydrogen bond fraction (Fig. 2e), and CYS-93 contributes to
a significant fraction of contact in the interactions diagram
(Fig. 2a). The formation of a stable complex between cefotetan
and B-hCG was evidenced by the RMSD plot (Fig. 2b), where the
difference between the protein (shown in blue colour) and
ligand (shown in red colour) is shown; RMSD remained
consistently within 3 A, indicating a stable interaction. The
contacts timeline (Fig. 2c) visually represents the duration and
intensity of specific residue-ligand contacts, with a darker shade
of orange in Fig. 2c, denoting multiple contacts with the ligand.
Throughout the 100 ns simulation period, cefotetan maintained
continuous contacts with residues GLY-36, GLN-54, CYS-57,
CYS-93 and ARG-95, with intermittent breaks. The RMSF plot
(Fig. 2d) highlights the protein residues interacting with the
ligand, depicted by green vertical bars. Lastly, the types of bonds
formed between the residues and the ligand are illustrated in
Fig. 2e, emphasizing the prevalence of hydrogen bonds.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Robust binding of cefotetan with B-hCG. (a) Structural configuration with the interacting residues. (b) Protein—ligand RMSD plot. (c)
Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds established with the interacting residues of B-hCG.

Hydrogen bonds play a crucial role in drug design due to their
strength and impact on drug specificity, metabolism and
absorption. Notably, significant hydrogen bond interactions
were observed at residues GLN-46, LEU-52, GLN-54, CYS-57,
ARG-95 and CYS-100.

Compound F0922-0590, exhibited notable interactions at
residues ASN-13, THR-32, CYS-34 and ALA-83 (Fig. 3a). The
binding of this compound to B-hCG displayed remarkable
stability, as evidenced by the RMSD plot (Fig. 3b). Throughout
the simulation period, consistent contacts were observed,

© 2025 The Author(s). Published by the Royal Society of Chemistry

particularly at residue ASN-13 and ALA-83, with intermittent
breaks in between (Fig. 3c). The RMSF analysis (Fig. 3d) high-
lighted multiple points of contact, with a significant presence of
hydrogen bonds at residues ASN-13, THR-32, CYS-34 and ALA-
83 (Fig. 3e).

The interactions of compound F6658-4634, as illustrated in
Fig. 4, demonstrate binding with the residues CYS-34, TYR-59,
ALA-83 and ASP-99 of B-hCG (Fig. 4a). The binding between this
compound and B-hCG exhibited stability, as indicated by the
RMSD plot (Fig. 4b). Notably, a consistently stable contact was

RSC Adv, 2025, 15, 19561-19580 | 19565
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Fig. 3 Robust binding of the compound F0922-0590 with B-hCG. (a) Structural configuration with the interacting residues. (b) Protein-ligand
RMSD plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds established with the contacting residues of B-hCG.

maintained throughout the simulation period at residue CYS-34
of B-hCG, while ALA-83 and ASN-99 residues displayed intermit-
tent breaks but overall continuity (Fig. 4c). Analysis of the RMSF
plot (Fig. 4d) revealed the establishment of several points of
contact, with residue CYS-34 (Fig. 4e) exhibiting the most signif-
icant proportion of hydrogen bonding with the ligand.
Compound F0385-0029 exhibited multiple points of contact on
B-hCG at residues TYR-59, THR-98, ARG-94, ASN-58, GLY-101 and
CYS-57, as illustrated in Fig. 5a. The RMSD plot in Fig. 5b indi-
cated a stable interaction, albeit showing a slight deviation around
80 ns, potentially attributed to the bulky side chains of the ligand.

19566 | RSC Adv, 2025, 15, 19561-19580

The contacts timeline in Fig. 5c revealed continuous interactions
at residues ASN-58 and TYR-59, with ARG-94 displaying recurrent
contacts denoted by a darker shade of orange. The RMSF analysis
(Fig. 5d) highlighted multiple points of contact. Notably, a signif-
icant proportion of hydrogen bonds were observed at residues
CYS-57, ASN-58, ARG-94 and GLY-101, as depicted in Fig. 5e.
2,6,7-Trihydroxy-9-(2-hydroxyphenyl)-3H-xanthen-3-one

exhibited multiple points of contact with B-hCG at residues
TYR-59, ASN-58, CYS-34 and ILE-33 (Fig. 6a). The RMSD plot
illustrated a stable interaction of the compound with B-hCG, as
shown in Fig. 6b. The contacts timeline in Fig. 6c demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Robust binding of the compound F6658-4634 with B-hCG. (a) Structural configuration with the contacting residues. (b) Protein—ligand
RMSD plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds formed with the contacting residues of B-hCG.

continuous contacts maintained at CYS-34. The RMSF analysis
revealed several points of contact established, particularly
around residue 100 of B-hCG (Fig. 6d). Notably, a significant
proportion of hydrogen bonds are observed at residues CYS-34
and TYR-59, as depicted in Fig. 6e.

2/,7'-Dichlorofluorescin, a derivative of compound 2,6,7-
trihydroxy-9-(2-hydroxyphenyl)-3H-xanthen-3-one, exhibited
contact at residue CYS-34 (Fig. 7a), a stable RMSD (Fig. 7b),

© 2025 The Author(s). Published by the Royal Society of Chemistry

continuous contacts maintained at CYS- 34 (Fig. 7c), several
points of contact indicated by the RMSF plot (Fig. 7d) and
a significant proportion of hydrogen bonds at CYS-34 (Fig. 7e).

2/,7'-Difluorofluorescein, an additional derivative of
compound  2,6,7-trihydroxy-9-(2-hydroxyphenyl)-3 H-xanthen-3-
one, demonstrated points of contact at CYS-34 (Fig. 8a),
a consistent RMSD profile (Fig. 8b), nearly uninterrupted
contacts at CYS-34 (Fig. 8c), multiple points of contact

RSC Adv, 2025, 15, 19561-19580 | 19567
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Fig. 5 Robust binding of the compound F0385-0029 with B-hCG. (a) Structural configuration with the contacting residues. (b) Protein—ligand
RMSD plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds formed with the contacting residues of B-hCG.

highlighted by the RMSF plot (Fig. 8d), and a notable presence
(>50%) of hydrogen bonds at residue CYS-34 (Fig. 8e).

From these in silico studies, it can be concluded that all six
compounds could potentially bind and inhibit B-hCG, with
cefotetan showing the most promise.

2.5 Coinciding residues

This study aims to identify inhibitors capable of binding B-hCG
and impeding its interaction with TGFBR-IL. It is essential to

19568 | RSC Adv, 2025, 15, 19561-19580

emphasize that each inhibitor targets specific sites on B-hCG,
with at least one residue aligning with the TGFBR-II binding site
on B-hCG. This alignment is based solely on hydrogen bonds
due to their strength, with the exception of the small molecule
F6658-4634, as detailed in Table 3. Notably, the small molecule
referred to as F0385-0029, and subsequently cefotetan,
demonstrated the highest number of overlapping residues
during in silico simulations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with the contacting residues. (b) Protein—ligand RMSD plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds

formed with the contacting residues of B-hCG.

2.6 B-hCG expression in cells

The media of various cell lines, such as MDA-MB-231, MDA-MB-
231shBRCA1, MDA-MB-231 scrambled control, MDA-MB-231
BRCA1 sgRNA(1 + 2), MDA-MB-231 PCL-CTIG control and MDA-
MB-468, were subjected to B-hCG ELISA (Abcam, ab178633),
according to the manufacturer's instructions, alongside B-hCG

© 2025 The Author(s). Published by the Royal Society of Chemistry

standards. B-hCG was found to be secreted in the highest amount
of 4.44 ng ml " of media in MDA-MB-231 BRCA1 sgRNA(1 + 2) cell
line, followed closely by MDA-MB-468, which showed 4 ng ml ™" of
B-hCG secretion in media and MDA-MB-231 shBRCA1 at
a concentration of 1.88 ng ml . In the wild-type BRCA1 cell line,
MDA-MB-231 and control for the knocked-down BRCAL1 cell line

RSC Adv, 2025, 15, 19561-19580 | 19569
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Fig. 7 Stable binding of 2/,7’-dichlorofluorescin with B-hCG. (a) Structural configuration with the contacting residues. (b) Protein—ligand RMSD
plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds formed with the contacting residues of B-hCG.

MDA-MB-231 scrambled control, B-hCG was secreted at a concen-
tration of 0.2 ng ml~". The control for CRISPR modified cell line,
MDA-MB-231 PCL-CTIG exhibited 0.4 ng ml~* secretion of B-hCG
in media (Fig. 9a). These results indicate that B-hCG expression is
associated with the BRCA1 status in various breast cancer cell lines
i.e., where the BRCA1 gene is defective, B-hCG expression was
found to be present.

19570 | RSC Adv, 2025, 15, 19561-19580

2.7 Cell proliferation assay

The cell lines employed in this assay include MDA-MB-231,
MDA-MB-shBRCA1, MDA-MB-231 scrambled control, MDA-
MB-231 BRCA1 sgRNA(1 + 2), MDA-MB-231 PCL-CTIG control
and MDA-MB-468.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Stable binding of 2/,7'-difluorofluorescein with 3-hCG. (a) Structural configuration with the contacting residues. (b) Protein—ligand RMSD

plot. (c) Contact timeline. (d) RMSF visualization. (e) Delineation of the types of bonds formed with the contacting residues of B-hCG.

Cefotetan exhibited a notable decrease in viability in cell MDA-MB-468 displayed reduced viability with escalating
lines with defective BRCAL1, as depicted in Fig. 9b. Specifically, concentrations of cefotetan, while MDA-MB-231, MDA-MB-231
MDA-MB-231 BRCA1 sgRNA 1 + 2, MDA-MB-231shBRCA1 and PCL-CTIG and MDA-MB-231 scrambled control exhibited no

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 19561-19580 | 19571
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Table 3 Coinciding interacting residues of TGFBR-II and inhibitors with B-hCG
Sl Coinciding residues of TGFBR-II and inhibitor binding site on hCG (only hydrogen bonds considered except

no. Inhibitor for F6658-463)

Y59 (hydrophobic), A83 (hydrophobic and water bridges), D99 (water bridges), D105 (water bridges)

1 Cefotetan R43, L45, Q46, L52, Q54, C57, R94, C100, G101
2 F0922-0590 A83, K104, H106
3 F6658-4634
4 F0385-0029 R6, G36, T40, R43, Q46, Q54, V55, C57, R94, T98, G101, G102, P103, H106
5 2,6,7-Trihydroxy-9-(2- Y59
hydroxyphenyl)-
3H-xanthen-3-one
2,7-Dichlorofluorescein LEU-45, GLN-46, CYS-57, TYR-59, GLY-101
7 2,7-Difluorofluorescein CYS-57, TYR-59, THR-98, ASN-99, CYS-100

significant viability alteration with
concentrations.

2/,7'-Dichlorofluorescin diacetate was analyzed in the study,
as 2/,7-dichlorofluorescin alone lacks cell permeability.
However, the diacetate salt can penetrate cells and undergo
cleavage by intracellular esterases to generate 2’,7’-dichloro-
fluorescin. To maintain cell viability, the concentrations of
DCFDA in the MTT assay were restricted to 10 uM, considering
that higher DCFDA concentrations (>10 uM DCFDA) have been
reported to compromise cell viability.** Fig. 9c depicts a reduc-
tion in viability noted in BRCA1-defective cell lines, including
MDA-MB-231 shBRCA1 and MDA-MB-231 BRCA1 sgRNA 1 + 2,
as compared to their corresponding controls, namely MDA-MB-
231 scrambled control and MDA-MB-231 PCL-CTIG control,
respectively. These results were comparable to the control
BRCA1-defective cell line, MDA-MB-468.

The MTT assay was also performed in various cell lines using
the B-hCG monoclonal antibody (sc-271062, Santa Cruz). As can
be seen in Fig. 9d, increasing concentrations of the antibody
exhibited decreased viability in cell lines having the BRCA1-
defective gene (namely MDA-MB-231 shBRCA1, MDA-MB-231
BRCA1 sgRNA 1 + 2 and MDA-MB-468), which also express B-
hCG. However, their BRCA1 wild-type counterparts, namely the
MDA-MB-231, MDA-MB-231 scrambled control and MDA-MB-
231 PCL-CTIG control, did not show any alteration in viability.

Compounds F0922-0590, F6658-4634, F0385-0029, along with
2,7-difluoro-fluorescein, underwent cell viability testing exclu-
sively in MDA-MB-231 BRCA1 sgRNA 1 + 2, its control, MDA-MB-
231 PCL-CTIG and the parent cell line MDA-MB-231. The results
revealed diminished viability for all four compounds, specifically
in the MDA-MB-231 BRCA1 sgRNA 1 + 2 cell line, characterized by
induced hypermethylation in the BRCA1 promoter leading to
reduced BRCA1 expression, as depicted in Fig. 10a-d. Despite
employing concentrations as high as 100 uM for each compound,
viability reduction below 50% was not achieved.

All experiments were conducted using GraphPad Prism,
where ‘ns’ denotes non-significant and **** indicates p <
0.0001. The B-hCG monoclonal antibody showed selective
inhibition in BRCA1-defective cell lines.

increasing cefotetan

2.8 Binding interaction

MST revealed that out of the six inhibitors obtained from in
silico studies, the hCG molecule binds to cefotetan and F0922-

19572 | RSC Adv, 2025, 15, 19561-19580

0590 alone. Binding affinity determination revealed that hCG
binds cefotetan with a K, = 4.6 £ 3 puM. The affinity of
compound F0922-0590 was found to be K, = 0.388 & 0.009 mM.
ITC showed cefotetan to have a K = 5.43 £ 2.99 uM (very close
to that determined by MST). F0922-0590 did not show any
binding with ITC (Fig. 11). These results confirm the fact that
cefotetan binds B-hCG and causes a selective cytotoxic effect in
B-hCG-expressing cells.

2.9 Discussion

To identify the chemical inhibitors targeting B-hCG, which
interacts with TGFBR-II and initiates tumor progression via the
Smad signaling pathway in BRCA1-defective cancers, the inter-
acting residues of B-hCG with TGFBR-II were identified from the
top 10 models generated by ZDOCK. Subsequently, the active/
druggable sites of B-hCG were delineated and compared
utilizing various software tools. A comprehensive virtual
screening of chemical molecules from multiple virtual libraries,
totalling 127 846 molecules, was conducted against the identified
active sites. Subsequently, docking simulations of these mole-
cules were executed, followed by free energy calculations. The
most promising complexes resulting from these analyses under-
went a rigorous 100 ns simulation. This meticulous process
culminated in the identification of the top six molecules.

These selected molecules then underwent cell viability
assessments, such as MTT assays, across several BRCA1-
defective and BRCA1 wild-type cell lines. Notably, among the
BRCA1-defective cell lines evaluated, a novel cell line developed
in our laboratory was included. This unique cell line was
derived from the modification of the wild-type BRCA1 cell line
MDA-MB-231, inducing hypermethylation at the BRCA1
promoter using modified CRISPR technology. Additionally,
another BRCA1l-defective cell line was established through
stable knock-down of the BRCA1 gene.

Specifically, cefotetan was found to bind to residues R43,
L45, Q46, L52, Q54, C57, R94, C100 and G101, which align with
the predicted TGFBR-II binding site on B-hCG, as anticipated by
ZDOCK. The outcomes of all MTT assays conducted consistently
demonstrated that cefotetan exhibited the most notable
reduction in cell viability in BRCA1l-defective cell lines at
a concentration as low as 30 uM. Table 4 represents the ICs,
value of cefotetan and f-hCG monoclonal antibody as predicted
by GraphPad Prism v10.2.2 using the Hill slope equation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lines.

Although cefotetan showed a Kp, in the micromolar range, it
is still significant, as we have used whole hCG instead of B-hCG.
Most of the active site residues used for virtual screening,
molecular docking and dynamic simulation fall in the region
where B-hCG interlocks with a-hCG. There is a chance that
antiproliferative activity of cefotetan may not be by binding to
hCG but the fact that the reduction in cell viability was selec-
tively seen particularly in the B-hCG-expressing cells when
compared to cells that do not express B-hCG (Fig. 9a and b) and

© 2025 The Author(s). Published by the Royal Society of Chemistry

are comparable to the effects of the -hCG monoclonal antibody
(Fig. 9d). Therefore, there is a high chance that the selective
cytotoxic effects of cefotetan could be due to its interaction with
B-hCG. The MST/ITC techniques revealed that cefotetan would
bind to hCG; however, to identify which specific residues on B-
hCG would bind cefotetan, techniques like X-ray crystallog-
raphy, NMR or SPR could be used.

Cefotetan, an FDA-approved bactericidal agent classified
within the cephamycin subclass of second-generation

RSC Adv, 2025, 15, 19561-19580 | 19573
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cephalosporins,* exerts its mechanism of action by impeding
cell wall synthesis through disruption of peptidoglycan cross-
linking mediated by penicillin-binding proteins.>® Addition-
ally, cefotetan triggers the activation of bacterial autolysins,
thereby facilitating cell lysis>” Notably, cefotetan monotherapy
has demonstrated reduced rates of both inpatient and outpa-
tient antibiotic utilization in comparison to non-cefotetan
prophylaxis for Gustilo-Anderson type III open long bone frac-
tures.”® The utilization of cefotetan as a standalone prophylactic
measure may offer enhanced antibiotic stewardship for Gus-
tilo-Anderson type III open long bone fractures when juxta-
posed with traditional antibiotic prophylaxis regimens.*
Despite its established role as a bactericidal agent, there is
a paucity of literature regarding the potential anti-cancer
properties of cefotetan. This study is the first of its kind in
exploring the cytotoxic effects of cefotetan in BRCA1-defective
breast cancer cell lines compared to wild-type BRCA1 breast
cancer cell lines. This study has been filed for US Provisional
Patent. (Srinivas,Priya and Ittycheria,Shreya.2025. Repurposing
FDA-approved Drug Cefotetan, as a Novel Anticancer Avenue
Through Inhibition of f-hCG and its mechanism for the process
of inhibition thereof. US Provisional Application Serial No. 63/
799,963, filed May 5, 2025).

19574 | RSC Adv,, 2025, 15, 19561-19580

While PARP inhibitors have shown promise as a therapeutic
avenue for BRCA1-defective cancers, a substantial proportion of
patients (40-70%) have developed resistance over time.** Given
the existing FDA approval status of cefotetan as a bactericidal
agent, the potential repurposing of this drug for the treatment
of BRCA1-defective cancers, contingent upon efficacy in animal
studies, emerges as a compelling prospect.

Numerous vaccines targeting B-hCG and o-hCG have been
developed, including a conjugated toxoid,* a recombinant
chimeric antibody cPiPP, a curcumin-conjugated variant selec-
tively toxic to B-hCG expressing cells,** and Ovidrel, a recombi-
nant o-hCG vaccine that has exhibited an impact on the RNA
expression of BRCA1-defective breast cancer tissues.’* However,
the production of antibodies is costly and may elicit adverse
reactions in humans, particularly in pregnant women.** In
contrast, chemical inhibitors offer a distinct advantage by cir-
cumventing the occurrence of adverse reactions.

3 Experimental
3.1 In silico analysis

The computational analyses encompassing protein prepara-

tion, virtual screening, molecular docking, MM-GBSA

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08663e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 June 2025. Downloaded on 6/21/2026 11:52:24 PM.

(cc)

View Article Online

RSC Advances

1.06:03

Paper
a
940
cefotetan @
920
900
880
— 860 F0922-0590 + hCG
£
£ 840
s
E __________________
820
800
s F0385-0029 + hCG
o F6658-4634 + hCG
780 Dichlor ein+ hCG
D;
7801 G cofreran &
740
Target Complex
b Compare Kd-Fit: Analysis-Set #1 c
[ ]
° 100 o0 N e 00 (] L[]
y e Kd=03820009m
[
760 |
930
T L
Wi
[ 3%
o k] [/ it o ]
- | ° .4 Kd=46:3uM T .
° T []
[ ]
80
50
ToE10 {2 T0e08 Y0607 0606 10605 0604 0803 Noe-T0 "0E:09 0808 "0E07 0606 h0£05 0604
d Concentration of cefotetan (M) Concentration F0922-0590 (M)
[§
. 0.02
0| A N~ ]
| R
0.1 g
R -0.02—
024 R
_Q 03 b Q -0.04—
© T © )
] 1 O -0.06—
= .04 = 1
o J o -0.08—
0 -054 o E
g 0.1
0.6 |
g -0.12+
-0.74 .
g -0.14—
L L I S L B [N B IR B — T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (min) Time (min)
0 7 °
] -0.15-]
02+ B
N ] _ 0.2 .
° -0.4— ° b ° o ©
c B 25uMhcg-1mMcef_010824 £ 0254 ,
=~ 06 Model: One Set of Sites < | ° 25uMfcg-1.5mMFO922_0108:
© ) [Cell] (M) = 25.0e-6 © e o Model: One Set of Sites
v} 7 [Syr] (M) = 1.00e-3 g 034 [Cell] (M) =0
= -08 N (sites) = 1.64 + 0.120 — ] o [Syr] (M) =0
T 4 KD (M) = 5.43e-6 + 2.99¢-6 T 035 N (sites) = 0
< a1 AH (kcal/mol) = -1.43 £ 0.217 < 0354 KD (M) =0
Offset (kcal/mol) = -2.01 + 5.6e-2 B AH (kcal/mol) = 0
b AG (kcal/imol) = -7.19 04 Offset (kcal/mol) = 0
-1.2- -TAS (kcal/mol) = -5.76 ) AG (kcal/mol) = 0
4 e -TAS (kcal/mol) = 0
L I e O S S A S B B S S T T T T T T T T T T T T T T
0 05 1 15 2 25 3 35 4 45 5 0 1 2 3 4 5 6 7
Molar Ratio Molar Ratio
Fig.11 (a) MST shows binding of six compounds to the hCG molecule. Only cefotetan and the compound F0922-0590 are seen to bind hCG. (b)

Binding affinity of cefotetan to hCG with a Kp = 4.6 £ 3 uM (c) and F0922-0590 with a Kp = 0.388 + 0.009 mM. (d) ITC shows binding of
cefotetan to hCG with Kp = 5.43 4+ 32.99 uM. (e) No binding between F0922-0590 and hCG.
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Table 4 1Csg values of cefotetan and B-hCG monoclonal antibody as
identified by the MTT assay and predicted by GraphPad Prism 10.2.2

SI no. Drug 1Csp

1 Cefotetan 32.56 uM

2 B-hCG monoclonal 3.17 ng
antibody

calculation and molecular dynamic simulations were executed
utilizing Maestro Schrodinger v13.5. These analyses were con-
ducted on a Dell computer, equipped with a Windows 11
operating system, an Intel Core i7 processor and 16 GB RAM,
ensuring optimal performance and reliability throughout the
investigative process.

3.1.1 Protein structure retrieval. The protein structures of
B-hCG (PDB ID: 1HCN, with alpha chain deleted) and TGFBR-II
(PDB ID: 1PLO; specifically utilizing the initial model) were
acquired from the Protein Data Bank (PDB) website located at
https://www.rcsb.org/.

3.1.2 Docking B-hCG with TGFBR-II. Docking procedures
for the acquired PDB structures of f-hCG and TGFBR-II were
done using the ZDOCK server. The respective PDB IDs of -hCG
and TGFBR-1I were fed into the designated fields on the ZDOCK
server interface. Subsequently, the top 10 anticipated models
were selected to elucidate the interacting residues between B-
hCG and TGFBR-II. Visualization of the models was conducted
using Pymol, which facilitated the identification of the inter-
acting residues between B-hCG and TGFBR-II. See ESI 11 for the
sequence details.

3.1.3 Active site/binding site identification. This was done
using CastP, PrankWeb and Schrodinger's SiteMap. Through
a systematic approach, the active sites were identified and an in-
depth comparison was performed to evaluate the consistency
and discrepancies among the predicted binding site residues
generated by these software tools. PrankWeb, CastP and Site-
Map™® tool of Schrodinger maestro represent software tools
employed for the identification of active sites within diverse
molecules. Each of these identified sites is then evaluated and
assigned scores based on the constituent residues. The scores of
the identified sites, along with the pocket score and amino acid
count, serve as indicators of the suitability of a site for drug
targeting, with higher scores indicating greater potential for
targeting.

3.1.4 Protein preparation. The crystallographic structure of
B-hCG was obtained from the Protein Data Bank (PDB),
capturing the complete hCG structure at a resolution of 2.6 A, as
determined by X-ray crystallography. It is to be noted that the
alpha chain was intentionally omitted from the acquired
structure, as B-hCG is the subunit that is expressed in BRCA1-
defective cancers, as we had reported earlier and not a-hCG.>®
Prior to molecular docking, the advanced Protein Preparation
Wizard of the Schrodinger Maestro version 13.5 software suite
was applied. This preparatory phase is crucial for maintaining
the structural integrity and reliability of the protein and
prepares it for subsequent molecular docking and dynamic
simulations. It involves the addition of absent hydrogen atoms,
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the removal of water molecules co-crystallized within the
structure, the assignment of partial charges and the execution
of a restrained minimization process. This process targets both
hydrogen and heavy atoms and is conducted with the OPLS4
force field."

3.1.5 Binding site selection and receptor grid generation.
Scores are assigned to the various active sites identified by
Schrodinger's SiteMap. The active site with the highest score, as
predicted by Schrodinger's SiteMap, was used for grid genera-
tion. The corresponding grid file was generated using the
Receptor Grid Generation panel in the Glide module of Schro-
dinger Maestro version 13.5 with default parameters and was
further used to perform the molecular docking protocol.”

3.1.6 Ligand preparation. A total of 127 846 small mole-
cules sourced from diverse small molecule screening libraries,
including ZINC (in which the “anticancer” filter was applied),
NCI, Chembridge, ChemDB and LifeChemicals (in which the
“anticancer compounds” filter was applied), were acquired in
SDF format, details of which are given in ESI Table 1.} Ligand
preparation was conducted utilizing the LigPrep module within
Schrodinger Maestro version 13.5.>' This process involved the
expansion of tautomeric and ionization states of the
compounds, generation of ring conformations and production
of stereoisomers to establish the ligand library (see ESI 21).

3.1.7 Receptor-based high-throughput virtual screening
and docking. To screen the prepared ligand library against the
designated binding pockets, the Glide Module within Schro6-
dinger was utilized, implementing a sequence of three distinct
levels of virtual screening and rigid receptor docking. These
stages encompass high-throughput virtual screening (HTVS),
standard precision (SP) and extra precision (XP) modules. Each
successive stage entails increased stringency, with only
compounds exhibiting top docking scores progressing to the
subsequent stage; specifically, compounds with docking scores
=-5 were specifically chosen for further analysis.

3.1.8 Free binding energy calculation using MM-GBSA. The
docking outcomes revealed that the chosen ligands engage with
the active site of B-hCG through the receptor grid. However,
whether this binding interaction would elicit a biological
response hinges primarily on the free binding energies of the
protein-ligand complex. The binding affinities for the top-
ranking compounds were evaluated utilizing the Molecular
Mechanics-Generalized Born Surface Area (MM-GBSA)
approach within the Prime module* of Schrodinger Maestro
version 13.5. This involved rescoring the docked poses of the
ligand molecules to derive the binding free energies and assess
the relative binding strengths. The MM-GBSA calculations were
performed with default parameters, employing the VSGB 2.1
implicit solvation model and OPLS4 force field within the Prime
framework. Each library was screened one after the other and
not all together, from the Ligprep stage onwards till MD simu-
lation and only after completing each library was the next one
started from Ligprep. The details are indicated in ESI Table 3.

3.1.9 Molecular dynamics (MD) simulation. To assess the
binding stability of the identified candidate compounds cefo-
tetan, F0922-0590, F6658-4634, F0385-0029 and 2,6,7-trihy-
droxy-9-(2-hydroxyphenyl)-3 H-xanthen-3-one within the
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designated protein active site cavity, an in-depth analysis of the
complex structure was conducted through 100 ns (nanosec-
onds) (MD) simulations. Given the challenges in synthesizing
compound 2,6,7-trihydroxy-9-(2-hydroxyphenyl)-3 H-xanthen-3-
one, molecular dynamic simulations were instead performed
on its derivatives, specifically 2/,7'-dichlorofluorescin and 2,7’
difluorofluorescein. The MD simulations were executed using
the Desmond module in Schrodinger Maestro version 13.5 (ref.
23) (ESI 21).

Prior to initiating the 100 ns simulations, a simulation box
was constructed for the protein-ligand complexes of interest
using the System Builder tool within Desmond. The system was
solvated using the TIP3P water model, with an orthorhombic
periodic boundary box shape set at a distance of 10 A on both
sides to ensure a consistent volume. To maintain system
neutrality, appropriate ions such as Na“ and Cl~ were intro-
duced randomly into the solvated system at a salt concentration
of 0.15 M. Subsequently, the system underwent a minimization
and relaxation process following the default protocol integrated
within the Desmond module, employing the OPLS4 force field
parameters post the construction of the solvated system con-
taining the protein-ligand complex.

Visualization aids, including plots and figures, were gener-
ated using the Simulation Interaction Diagram tool within
Maestro. The assessment of the stability of the complex struc-
ture was conducted based on various parameters derived from
the trajectory output, encompassing root-mean-square devia-
tion (RMSD), root-mean-square fluctuation (RMSF), protein—
ligand contacts (P-L contact) and hydrogen bond interactions.

3.1.10 Root mean square deviation (RMSD) analysis. The
RMSD in MD simulations serves as a pivotal metric quantifying
the average displacement distance of a designated atom over
a specified duration with regard to a reference time point.
Initially, the RMSD computation entails the assessment of the
positional variances of essential B-hCG protein structural
components, such as the Ca backbone, sidechain and heavy
atoms. Subsequently, the RMSD determination extends to the
alignment and calculation of the RMSD values for the protein-
fitted ligand atoms across all time frames in correlation to the
reference time point (in this instance, 100 ns).

3.1.11 Root mean square fluctuation (RMSF) analysis.
RMSF is useful for characterizing local changes along the
protein chain. Interpreting the RMSF plot, peaks serve as indi-
cators of regions within the protein structure, exhibiting the
highest fluctuations during the simulation. Typically, the
terminal regions (N- and C-terminal) demonstrate more
pronounced fluctuations compared to other protein segments.
Structurally defined elements such as alpha helices and beta
strands tend to exhibit greater rigidity in contrast to unstruc-
tured protein regions, resulting in comparatively lower fluctu-
ation levels, particularly within the loop regions. Notably,
protein residues engaging in interactions with the ligand are
distinctly highlighted through the incorporation of green-
coloured vertical bars. Furthermore, a graphical representa-
tion delineating the temporal evolution of interactions and
contacts, encompassing hydrogen bonds, hydrophobic inter-
actions, ionic interactions and water bridges, is presented. The
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upper panel of this representation illustrates the cumulative
count of specific contacts established by the protein with the
ligand throughout the trajectory. Conversely, the lower panel
provides insights into the residues engaging in interactions
with the ligand across individual frames within the trajectory.
Noteworthy is the differentiation in shading intensity, with
darker shades of orange denoting residues forming multiple
specific contacts with the ligand, as indicated by the scale
positioned to the right of the plot.

3.2 Experimental procedure

3.2.1 Development of a novel cell line with induced BRCA1
promoter hypermethylation using modified CRISPR tech-
nology. A novel cell line was developed in our lab wherein
a hypermethylated BRCA1 promoter was generated using
modified CRISPR-Cas9 technology, using the MDA-MB-231 cell
line that has wild-type BRCA1. Briefly, the CpG island target
sequences were procured from NCBI (GenBank ID U37574), and
then these sequences were entered into the MIT sgRNA design
software (https://crispr.mit.edu/). sgRNAs were subsequently
selected based on relative location to other sgRNAs. The
oligonucleotides of sgRNA and shRNA were fused, which was
then cloned into the pLVTHM vector. The cell line HEK 293T
was used to generate lentiviral particles using psPax2 and
pMD2.G, which are lentiviral plasmids. This was then
transduced to the cell line, MDA-MB-231. The target cells were
co-transduced with lentiviral particles and pCL-CTIG of TetO-
dCas9-D3A for the generation of stable methylated cells under
the control of a Tet-Off promoter. Lentiviral particles containing
either sgRNA1 or sgRNA2 or both were infected into the cells
and treatment with 1 pg ml™" of doxycycline was given for half
a day to arrest the eGFP signal emitted from PCL-CTIG. Flow
cytometry was finally used to sort the eGFP-positive population,
which represents sgRNA-positive cells and this establishes the
stably transduced cell line. The induction of promoter hyper-
methylation was validated by methylation-specific qPCR,
western blot and real-time PCR."

3.2.2 ELISA for B-hCG detection. Media from various cell
lines, MDA-MB-231, MDA-MB-468, MDA-MB-231shBRCA1 (with
BRCA1 knockdown), MDA-MB-231 scrambled control (control
cell for BRCA1 knockdown), MDA-MB-231 sgRNA(1 + 2) [cell line
induced with BRCA1 promoter hypermethylation using modi-
fied CRISPR technology] and MDA-MB-231 PCL-CTIG [control
for MDA-MB-231 sgRNA(1 + 2)] was subjected to B-hCG ELISA
(Abcam, ab178633), according to the manufacturer's instruc-
tions, alongside the B-hCG standards.

3.2.3 Cytotoxic assay — MTT assay. The cytotoxic effect of
the identified compounds on both BRCA1-defective (cell lines
MDA-MB-468, MDA-MB-231shBRCA1 and MDA-MB-231
SgRNA(1 + 2)) and BRCA1 wild type (cell lines - MDA-MB-231,
MDA-MB-231 scrambled control and MDA-MB-231 PCL-CTIG)
was investigated using the MTT assay. Briefly, cells were
treated with varying concentrations of F6658-4634, cefotetan,
F0922-0590, F0385-0029, 2',7-dichlorofluorescin (DCF) and
2/,7'-difluorofluorescein (DFF), mixed in DMEM containing
2.5% FBS, replacing the existing media. The compounds were
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dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, MO, USA), with sub-stocks prepared in 2.5% FBS con-
taining DMEM. The B-hCG monoclonal antibody at varying
concentrations served as the positive control. Following a 48
hour incubation period with the drug compounds, cells were
treated with MTT at a final concentration of 0.125 mg ml~* and
incubated at 37 °C for 2 hours. Subsequently, a lysis buffer
comprising dimethylformamide (ThermoScientific, Cat No.
043465.AP), 20% sodium dodecyl sulphate (SDS, Invitrogen, cat
no. 15525-017) and distilled water were added. The absorbance
at 595 nm was measured using a Bio-rad iMark™ microplate
reader. Two-way ANOVA test was done using GraphPad Prism
version 10.

3.2.4 Microscale thermophoresis (MST). MST was
employed for validating the binding of the identified
compounds using the in silico methods. The hCG molecule was
initially labelled using the Protein Labeling Kit RED-NHS 2nd
Generation (Cat# MO-L011) according to the manufacturer
protocols. The MicroScale Thermophoresis Monolith NT 115
system NanoTemper Technology, Germany, available at the
National Institute of Animal Biotechnology, Hyderabad (under
the supervision of Dr Pankaj Suman), was employed for deter-
mining the binding as well as the affinity of binding of the
identified compounds. For checking affinity, 10 pl of the
labelled protein was added to 16 tubes. To the first tube, 10 pl of
the ligand (50 pM) was added, mixed well and 10 pl was taken
from the first tube and added to the second. This process was
repeated till the last tube. This was then loaded onto 16 stan-
dard treated capillaries and run on the MST machine.

The dilution concentrations were entered into a dedicated
MO affinity analysis software to determine Kp.

3.2.5 Isothermal calorimetry (ITC). ITC was done using
MICROCAL PEA1-ITC, Malvern at the Centre for Cellular and
Molecular Biology (CCMB), Hyderabad. Degassing was done on
MicroCal ThermoVac, GE followed by injection of protein and
ligands (cefotetan and compound F0922-0590) in separate
compartments.

For all the in vitro experiments, at least 3 biological replicates
were done to calculate the standard deviation and the p values.

4 Conclusion

In this investigation, six potential small molecule inhibitors,
out of 127 846 small molecules, targeting B-hCG at sites coin-
ciding with those of TGFBR-II's binding site on B-hCG, was
identified through the employment of diverse in silico meth-
odologies. Particularly, cefotetan exhibited the most promising
outcomes in BRCA1-defective breast cancer cell lines compared
to all other compounds. The FDA-approved antibacterial agent,
cefotetan, though it showed a weak interaction with hCG in
MST and ITC, is found to be promising as a cytotoxic agent
against BhCG positive breast cancer cells compared to the -
hCG monoclonal antibody. The binding experiments show
a possibility of cefotetan binding to B-hCG and could be
potentially causing the inhibition in BRCA1-defective cell lines
through binding B-hCG and preventing it from interacting with
TGF B R-IL. Binding experiments show that cefotetan may interact
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with 8-hCG, preventing it from activating the TGF{ R-II signalling,
which induces cytotoxicity in BRCA1-defective cancer cell lines.
Future studies will include experiments such as affinity chroma-
tography of the cell’s contents coupled with mass spectra techniques
to prove the interaction between cefotetan and $-hCG. Although
the compounds DCF, DFF, F0922-0590, F6658-4634, and F0385-
0029 demonstrated noteworthy efficacy in BRCA1-defective
breast cancer cell lines, their individual impact did not reach
a level of significance warranting consideration as standalone
therapeutic modalities for BRCA1-defective breast cancers.
Prior to advancing to clinical trials, it is imperative to conduct
further investigations utilizing animal models to ascertain the
safety and efficacy profiles of these compounds
comprehensively.
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