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Abstract: Triple-negative breast cancer (TNBC) holds just about 15% of all breast tumours and sub-
types of breast cancer with distinct characteristics of negative expressions for the progesterone recep-
tor, estrogen receptor, and human epidermal growth factor receptor 2. Unfortunately, treatment op-
tions for TNBCs are minimal. Most currently available therapies proved inefficient in holding back
this aggressive natural treatment of TNBC, in most cases calling for an immediate need for more
effective and safer anti-TNBC agents. Based on research reported in recent years, this review pre-
sents the report's overview of anti-TNBC compounds and their efficacy, being classified according to
the structures. Breast Cancer type 1 and type 2 genes (BRCA1/2) mutations are associated with
TNBC. Poly (ADP-Ribose) Polymerases (PARPs) are a family of enzymes involved in numerous
cellular processes, including DNA repair. PARP-1 inhibition is involved in the loss of DNA repair
DOI: via BRCA-dependent mechanisms. PARP-1 inhibitors like Olaparib, Rucaparib, Niraparib, and Tala-
10.2174/1573394719666221230111838 zoparib have proved as promising therapeutic medications as monotherapy and in combination with
cytotoxic therapy or radiotherapy in various types of cancers. This review is focused on presenting
the status of therapeutics against TNBC. The critical spotlight of this review is to encapsulate the
versatility and notable success of heterocyclic pharmacophores-based molecules in treating TNBC.
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1. INTRODUCTION

Cancer, a life-threatening ailment, is affecting human-
kind severely [1]. Regardless of being the highest priority of
researchers in developing therapeutic formulations for cancer
treatment, breast cancer (BC) continues to be highly preva-
lent in women across the globe [2, 3]. The breast cells devel-
op rapidly to form a tumour that further leads to malignancy,
visible in X-Ray as a lump at the site of ducts or lobules or
tissues associated with fatty or fibrous tissue of the breast [4,
5]. BC occurs almost entirely in women, but it is uncommon
for men to get affected [6]. Though incidence is prevalent in
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women around the age of 45 to 55 years [7], the mortality
rate has declined in the recent past due to advances in early
diagnosis, proper management, and, most essentially, the
introduction of adjunct drug therapy. Because of benign can-
cers, it is evident that most lumps in the breast do not lead to
malignancies [8]. Some tumours are non-cancerous and
therefore do not infect the breast or cause tissue damage,
thus not life-threatening [9]. Women susceptible to serious
BC have lumps that infect the breast, tissues, and lymph
nodes [10]. The different types of breast cancer primarily
include non-invasive, invasive, metastatic, and intrinsic or
molecular sub-types of cancer. The noninvasive style does
not spread out of the original tissue, while the invasive type
of cancer spreads throughout the breast by the ducts and
glands [11]. Triple-negative breast cancer, known as TNBC,
is considered to be a subtype of BC with distinct characteris-
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tics of negative expressions for progesterone receptor (PR),
estrogen receptor (ER), and human epidermal growth factor
receptor 2 (HER2) [12].

Compared to other types of BCs, TNBC is featured with
a highly aggressive nature but with short-lived adverse ef-
fects [13, 14]. A worldwide annual diagnosis of patients
comprising 1 million cases showed TNBC (basal-like BC) in
170,000 individuals [15]. TNBC, an immune histo-
chemically distinct subtype with great variety, holds just
about 15-20% of all BC [16]. Younger women are consid-
ered more prone to TNBC, which is characterized by high
relapse rates, visceral and CNS metastases, and premature
death [17]. Most currently available therapies are proving
ineffective in holding back this innate aggressive TNBC in
most cases. The poor prognosis and targeted therapies lead to
a high mortality rate [18].

The major highlights of this review are focused on
discussing the present status of therapeutics against TNBC
and examining some important candidates that can manage
and treat TNBC. In this review, we endeavoured to
encapsulate hetero-core-based ‘pharmacophores' versatility
in cancer therapy, especially for TNBC.

2. BREAST CANCER AND TRIPLE NEGATIVE
BREAST CANCER

The recognition and characterization of carcinogenic
stem cells and BC subtypes have led to a paradigm shift in
modern breast cancer research. The molecular classification
of BC is a much-needed and inevitable element for their
proper diagnosis, prognosis, and treatment through new-
targeted therapies. The molecular type was also found to
play a crucial role in patient survival and stratifying the ER-
positive population [19].

A thorough study of several intrinsic BC subtypes has led
the way to classify them into basal-like subtypes, typical
breast-like subtypes, ErbB*" subtypes, luminal A subtypes,
and luminal B subtypes. Later, two more subtypes were in-
troduced: the claudin-low type and Her2 enriched type (Fig.
1). The molecular subtypes have gained greater importance
in the TNBC basal-like subtype, comprising low survival
time, got focused by various natural, synthetic and semi-
synthetic approaches [19-25].

BREAST

CANCER

Fig. (1). Breast cancer classification.
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Lehmann et al, in 2011, provided a detailed classifica-
tion of TNBC by profiling gene expression from tumour
samples of TNBC patients. According to their study, TNBC
can be of six types: Mesenchymal (M), Mesenchymal stem-
like (MSL), Immunomodulatory (IM), Luminal androgen
receptor (LAR), Basal-like 1 (BL1), and Basal-like 2 (BL2)
[26]. Later, the authors revised the classification into four
classes: M, LAR, BL1, and BL2 [27]. BL represents basal-
like phenotypes of BC, where gene expression for BL1 oc-
curs in DNA damage repair (DDR) and cell cycle. Gene ex-
pression for BL2 takes place in growth factor signalling
pathways. M represents two mesenchymal-related subtypes
associated with the transition of mesenchymal epithelium
and its relation with chemoresistance. LAR subtype consists
of high expression of the luminal androgen receptors associ-
ated with luminal-like gene expression, and this subtype
consists of ER-positive, luminal-like subtype of BC. HER2-
enriched subtype was coined by the PAMS50 algorithm [28].

2.1. Triple-Negative Breast Cancer

The expressions of PR (-Ve), ER (-Ve), and HER2(-Ve)
were found to cause poor prognosis and were liable for the
aggressive character of TNBC [7]. TNBC comes under ba-
sal-like subtypes closely associated with the BRCA1 muta-
tion. TNBC is an aggressive, risky cancer with a considera-
bly higher growth rate than typical breast cancer [29].

2.2. Association with BRCA1 Mutation Status

The BRCALI gene encodes a nuclear protein (190 kDa)
containing a phosphate group to form a tumour suppressor
protein and maintain the stability of the genome. The tumour
suppressor protein can prevent uncontrolled cell growth,
hence regulating the cell division that can prevent wide-
spread BC. The mutations in BRCA genes (BRCA 1 and 2)
are supposed to be accountable for the most common heredi-
tary breast cancer. In most cases, the sporadic and genetic
types of BCs associated with the BRCA1 gene are TNBC.
TNBC, along with BRCAL1, share some common characteris-
tics such as the involvement of several integral proteins in
DNA repair, low ER level, PR, HER2 expressions, and ele-
vated level of expression for basal-like cytokeratins
(CKS5,14,17), p63, EGFR /HER1 and P-Cadherin [29].

Amongst all malignancies, breast, ovarian, prostate, and
pancreatic cancers are mainly the consequences of germ-line
BRCA gene mutations [29]. BRCA genes are crucial ele-
ments in DNA-repair mechanisms, thereby functional
BRCA1 or BRCA2 deficiency causes reduced DNA double-
strand breaks repair and predisposes to cancers. BRCA gene
mutation carcinomas and basal-like breast cancer share some
exciting and relevant similarities and drawbacks of BRCA or
pertinent other pathways. TNBC has been reported in BRCA
mutating patients, and 80-90% comes under the basal-like
subtype. Sporadic BCs hardly contain BRCA gene muta-
tions, but an expression or function alteration due to BRCA
gene mutations can cause uneven breast cancer development
[30].

Among the sporadic breast cancers, 11-14 percent were
reported to contain a reduced BRCA1 expression due to
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BRCAT1 promoter methylation allied with the TNBC pheno-
type of high histological grade [30, 31].

While identifying the risk and management or prevention
of the BC family, BRCA1 and BRCA2 mutations' molecular
screening showed great importance. The more significant
sign of phenotypes with triple negativity and early age of
onset are the two critical components of hereditary breast
cancer. An experiment conducted among fifty-four candi-
dates on early-onset triple-negative types of women BC pa-
tients in search of BRCA genes resulted in the identification
of five mutations of the BRCAT1 gene (deleterious) and one
mutation for BRCA2 (harmful) [32].

2.3. Comparison with Other Types of Breast Cancers

Among all BCs, 15-20 percent were found to be TNBC,
especially TNBC associated with a basal-like subtype that
consists of a higher histological grade, elevated Ki67 index,
obvious cellular pleomorphism, unordinary mitotic figures,
and raised mitotic activity. The characteristics of basal-like
subtypes include instability of the genome, enhancing altera-
tion of DNA copy number, and deletions and gains to be low
at the genomic level. This subtype can deregulate vital ele-
ments from the cell cycle, including p53 abnormalities and
the RB pathway. While accounting for the mutations, in 82%
of patients, mutations were observed, with only 13% found
in the luminal-A group [30].

2.4. Clinical Characteristics

TNBC is perilous due to clinical characteristics like ag-
gressive behaviour and metastases, onset at a younger age,
high tumour grade and mean size, high node positivity rate,
and occurrence of peak early within 1% and 3™ year from
diagnosis. Because of histology, from the ductal origin, most
TNBCs originate and mainly occur in viscera, specifically in
the brain and lungs, while relatively less in bones. The basal-
like tumours are associated with a marked increase in mitotic
count, pushing invasion borders, geographic necrosis, stro-
mal lymphocytic response, and ER/HER?2 negativity [33].

2.5. Prognosis for TNBC

According to the investigators, basal-like breast cancer
faces a poorer prognosis than the luminal type. Therefore, a
lesser survival rate occurs for TNBC than the luminal sub-
type. A significant difference was found in diagnosing
TNBC and ER-positive breast cancer patients. TNBC always
showed more aggressive visceral and soft tissue relapses
than ER-positive breast cancer, whereas bone relapses are
less common in TNBC. When the status of TNBC is com-
pared with HER2-positive breast cancers, a more significant
risk was found in developing cerebral metastasis in TNBC
patients [33].

Several molecular markers proved productive in predict-
ing and obtaining prognostic information for the BC patients
of stage II and stage III while treated with chemotherapy by
neo-adjuvant docetaxel/doxorubicin. The TNBC prognosis is
associated with a higher Response Rate (RR), higher patho-
logic complete RR, and little overall survival in addition to

Current Cancer Therapy Reviews, 2023, Vol. 19, No. 3 239

relapse-free survival in contrast to the on-triple-negative type
[34].

2. Docetaxel

2.6. Current Status of Therapy and Management for
TNBC

TNBC is responsive against chemotherapy, but the num-
ber of accepted specific molecular targeted candidates to
treat is deficient and needs attention. Various analytical stud-
ies on chemotherapeutic molecules have suggested that in an
adjuvant setting, cytotoxic agents proved beneficial in TNBC
treatment. TNBC and HER2 amplified patients exhibited
higher RRs and complete pathological response (pCR) with
about 45% more due to the administration of neoadjuvant
chemotherapy than the use of Doxorubicin, 5-fluorouracil (5-
FU) and cyclophosphamide [30]. Though there is much evi-
dence for the chemo-sensitivity of TNBC, the optimal choice
and schedule of cytotoxic remain unclear. Recently, re-
searchers have focused on an intensive approach like an-
thracycline and taxane or DNA-damaging platinum-based
therapies against TNBC [29].

3. HETEROCYCLIC ANTICANCER COMPOUNDS

Various natural and synthetic moieties or combinations
prove efficacious in cancer therapy [35-38]. Due to their
resourcefulness and exceptional physicochemical properties,
most heterocyclic compounds and fragments are frequently
marketed pharmaceutical products. They, thus, hold an es-
sential role in medicinal chemistry research. The promising
performance of the hetero-moieties has encouraged investi-
gators in search of hopeful potency and efficacy to treat var-
ious carcinomas. Particularly, scaffolds with dynamic cores
and the intrinsic versatility of the compounds proved benefi-
cial for anticancer research [39].

Heterocyclic compounds exist in a wide variety of struc-
tures. They have been efficiently proven effective against a
bunch of diseases and, therefore, approved by FDA ("Most
Frequent Rings in FDA Approved Drugs," 2015) [40]. De-
scriptions of overall heterocyclic compounds investigated is
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not a feasible task; thereby, important scaffold present in
drugs have been depicted according to major classes.

The heterocyclic compounds acting on cancer can be
classified into three categories

e Nitrogen-Based Heterocyclic compounds
e Oxygen-Based Heterocyclic compounds

e  Sulphur-Based Heterocyclic compounds

Mandal et al.

3.1. Nitrogen-based Heterocyclic Compounds in Cancer

Regarding nitrogen-containing hetero-molecules, indole
and its derivatives have established themselves as one of the
essential common elements of most nitrogen-containing het-
erocyclic FDA-approved drugs. The compounds with a basic
indole structure in the core, with their potency as tubulin
polymerization inhibitors, have attracted considerable atten-
tion in oncology Tables 1 and 2 [41-71].

Table 1. Nitrogen containing FDA approved drugs for cancer.
FDA Approved Drugs Approved For References
cl \
N
NS
; O CNH
Cl 5 O | Non-small-cell lung carcinoma (NSCLC) - 4. 43
HQN N Late-stage [42,43]
3.Crizotinib
(Xalkori®)
H
e
0
J/ F H§
N\//S \/\
cl 0 Q 0 Metastatic or unresectable melanoma [44]
F
4 Vemurafenib
(Zelboraf®)
Metastatic prostate cancer (castration- 45
resistant) [45]
5. Abiraterone Acetate
(Zytiga®)
Fi : Br
HN
-0 N\ . . [46, 43]
J Metastatic medullary thyroid cancer
X
SRS
N
- 6. Vandetanib
(Caprelsa®)

Table 1. Contd...
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FDA Approved Drugs Approved For References
=N
s N/
N
W %
N
H \) Chronic myeloid leukaemia/ lymphoblastic [47,43]
N N leukaemia
6]
£ F
7. PONATINIB F
(Iclusig®)

o
0 F
HN
o
| \©\ o Metastasized medullary thyroid cancer [48]
Ny
N~ O
H

8. Cabozantinib

(Cometrig®)
O
Cl F o
0 Z N/
F M N
N N Metastatic colorectal cancer [49]
F H H
F
9. Regorafenib
(Stivarga®)
HN N o~
=
(@) 74
- X Chronic myelogenous leukaemia [50]
=
/ N . .
10. Bosutinib
(Bosulif®)
2 N

N F . .
—_ Metastatic prostate cancer (castration-
NH F resistant) (51, 2]
F O

11. Enzalutamide
(Xtandi®)

Table 1. Contd...
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FDA Approved Drugs

Approved For

References

Noaaes

12. Vismodegib
(Erivedge®)

Basal cell type of carcinoma

[53]

608

13. Axitinib
(Inlyta®)

Renal cell cancer

[54]

N

0
Ot
N

N N
Nﬁ/ 7

NH,

(0]
14. Ibrutinib

(Imbruvica®)

Mantle cell lymphoma

[55]

NH, o
N 0
NH
0O O

15. Pomalidomide
(Pomalyst®)

Multiple myeloma

[56]

16. Olaparib
(Lynparza®)

Advanced ovarian

cancer

[57]

Table 1. Contd...
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FDA Approved Drugs Approved For References
L2
N
=
N )\-/\
r/N H Chronic lymphocytic leukaemia [58]
Nx
17. Idelalisib
(Zydelig®)
H H O~
N N N
\Nlr\ji Non-Small Cell Lung Cancer (NSCLC) of
(@) = Cl metastatic type [59]
HN o)
18. Ceritinib
(Zycadia®)
o . oK
NH
. [60]
Multiple myeloma
19. Panobinostat
(Farydak®)
H H
N \n/ N
Q 5V
O Cl Differentiated and progressive thyroid cancer [61]
)K/©\)j 20. Lenvatinib
®
N (Lenvima™)
H
U V\L(\/['( Metastatic BC [62]
H N

21. Palbociclib
(Ibrance®)




244 Current Cancer Therapy Reviews, 2023, Vol. 19, No. 3 Mandal et al.
Table 2. Nitrogen-containing drugs under research.
Nitrogen-containing Drugs Anticancer Activity References
H O W e
22. Vincristine (ICso= 52.5 pM against HepG2 cells; 4.4 nM against mouse
leukaemia L1210 cells; 5 nM against mouse lymphoma S49 cells and 33 nM Tubulin polymerization inhibition causes the anti- [63-65]
against mouse neuroblastoma cells) proliferative effect.
23. Vinblastine(ICsy = 4.0 nM against mouse leukaemia L1210 cells; 3.5 nM
against mouse lymphoma S49 cells and 15 nM against mouse neuroblastoma
cells)
Tubulin polymerization inhibitors in oncology [66]
Induction of ROS (reactive oxygen species) gives [67]
anti-proliferative activity
25. SK228
(IC50=0.27 uM against CL1-1 and 3.40 uM against A549)

Table 2. Contd...
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28. 1-(1H-benzo[d]imidazol-2-yl)-3-(6-(2,4-dichlorophenyl)-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazol-3-yl)propan-1-one

(GIso range = 0.20 to 2.58 uM)

kaemia cells

Nitrogen-containing Drugs Anticancer Activity References
O
N Anti-proliferative activity against epithelial cancer
| / O cells through cell migration, cell proliferation, and
N anchorage-independent growth, inducing G2/M [68]
phase cycle arrest followed by activation of pro-
grammed cell death.
26. 2,2'-(2-(3-(cyclopentyloxy)-4-methoxyphenyl)
-1-isobutyl-1H-imidazole-4,5-diyl)dipyridine (NSC 771432)
(G2/M phase cycle arrest at 5 UM concentration)
F
9] N
Anti-proliferative activity within HepG2 cells by
N F regulating AMPK (phospho-adenosine monophos-
H phate-activated protein kinase) phosphorylation and [69]
inducing cell cycle arrest depending on p53/p21. It
O was also found to inhibit the expression of cyclin B1
- . O and p-Rb and enhance Rb expression.
27. N-(1-(2,6-difluorobenzyl)piperidin-4-yl)-
4-phenoxybenzamide
(ICs0=0.25 uM against HepG2 cells)
Cl
CrC b
Cl Showed significant broad-spectrum cancer cell
growth inhibition and superior selectivity for leu- [70]

Br NH,

N
NS

N O N
Ly e e

N

H

29. 3-(5-(4-amino-2,6-dibromophenyl)-1,3,4-oxadiazol-2-yl)-1-
(1H-benzo[d]imidazol-2-yl)propan-1-one

(Glsprange=0.49 to 48.0 uM)

Showed broad spectrum anticancer effect and supe-
rior selectivity for cell lines of non-small cell lung
cancer (NSCLC)

[71]
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Table 3. FDA-approved oxygen-based heterocyclic anticancer drugs.
FDA Approved Drugs Approved For References
O/
HN  PH=
\/Q\n'
-\\H
30. Eribulin
mesylate ® Metastatic prostate cancer [72]
(Halaven™)
Metastatic prostate carcinoma
[73]
O 31.Cabazitaxel
(Jevtana®)
FDA Approved Nitrogen and Oxygen-Based Heterocyclic Drugs
OH
O —
ol ¢
\O 0 O ‘ N\ Chronic myelogenous leukaemia [74]
Ha 3
O
{ N
O
32. Omacetaxine mepesuccinate
(Synribo®)

Table 3. Contd...
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36. Paclitaxel (Taxol®)

pending on concentration and time. It was
approved for the treatment of advanced ovari-
an cancer by US FDA.

FDA Approved Drugs Approved For References
oYy o
N
o O 0
HN
Y NH
= ‘K’//o Multiple myeloma [75]
Y o 0
33. Carfilzomib HN ‘\\\l
(Kyprolis®) YS!
@
| o Y
Metastatic NSCLC
N NJ\ N 41
3 X N (EGFR mutations) (41
34. Afatinib ~ Cl NH
(Gilotrif®)
F
H
; N \H/
O
O XN N YO
N~ N
W Tumours expressing gene mutations of BRAF (76]
NH O V600E or V600K gene
F
35. Trametinib (Mekinist®)
One of the anticancer agents of the taxane
class acts by stabilizing microtubules and
selectively arresting the G2/M phase of the
cell cycle. Finally provokes cytotoxicity de- [77]
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Table 4. Oxygen-containing drugs under research.
Oxygen-containing Drugs Anticancer Activity References
It prevented cell division and proved
effective in metastatic prostate carcino-
ma patients resistant to castrate. [24]
37.Cabazitaxel (oxetane ring)
(ICso range: 0.013-0.414 pmol/L against various cancer cells)
It was found in phase I-III trials to treat
solid tumours as a non-taxane inhibitor [78]
of microtubule dynamics.
39. 8,9-dihydrobenzo[3,4]cyclohepta[1,2-c]chromen-6(7H)-one
(ICso range: 3.35 to 16.79 uM against A549, HeLa, MCF-7 and MDA-MB-231cell lines) Benzosuberone derivatives having cou-
marin moieties exhibited significant
cytotoxicity against cervical, breast, and [79]
alveolar cell lines.
40. 11,12-dimethoxy-8,9-dihydrobenzo[3,4]
cyclohepta[1,2-clchromen-6(7H)-one
(ICso=6.72 uM against HeLa and 4.87 uM against MDA-MB-231cell lines)

Table 4. Contd...
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Oxygen-containing Drugs

Anticancer Activity References

o

O._N

o
41. 2-morpholinochroman-4-one
[ICso = 10.2+0.4 pg/ml (MCF7), 6.7+2.3 pg/ml (HT29),8.1+0.7 pg/ml (A498)]
| \
0o o

0]
42. 2-(furan-2-yl)chroman-4-one

[ICso = 7.3+0.3 pg/ml (MCE7), 4.9+0.5 ng/ml (HT29), 5.7+0.9 pg/ml (A498)]

The flavanone compounds showed
effective anti-proliferative activity
against HT29, A498and MCF7 cancer
cell lines, and the furan ring was found [80]
crucial for the potent and optimum
anticancer activity against all cell lines.

O
I
(0] HNOOH

43. N-(4-hydroxyphenyl)benzofuran-2-carboxamide

(ICso range = 2.20 to 5.86 pM against a variety of cancer cells)
O
(4
o HNQCI
Cl

44. N-(3,4-chlorophenyl)benzofuran-2-carboxamide

(ICsp=23.0 uM for NF-kB inhibition)

The benzofuran derivatives inhibited
LPS-induced NF-kB transcriptional
activity, thereby providing anticancer
activity against the renal, colon, breast,
gastric, lung, and prostate cancer cell
lines.

[81]

45. Substituted tert-butyl 2,2-dimethyl-4-(phenoxymethyl)
oxazolidine-3-carboxylate
X=NO2, COOCH3, OMe, COOH, H

[ICso = 28+2uM (HL60), 3742 uM (MDA-MB-231)]

O

O=<':>$
7<

46. tert-butyl (E)-2,2-dimethyl-5-(4-nitrostyryl)
oxazolidine-3-carboxylate

[ICso = 18+3 uM (HL60), 32412 yuM (MDA-MB-231), 2741 uM (LNCaP), 4249 yM
(TURKAT)]

Chiral oxazolidine analogues provided
an efficient anti-proliferative effect
against JURKAT, HL60, LNCaP, and
MDA-MB-231 cancer cell lines.

(82]
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Table 5. FDA-approved nitrogen and sulfur-based heterocycle drugs.
FDA Approved Drugs Approved For References
F o N=
F H
N _N
\Y
N 72 Melanoma expressing mutation for BRAF V600E gene [86]
F )\
=N
N
47. Dabrafenib (Tafinlar®)
HO S
(Lo
(6]
The US FDA approved raloxifene in 2007 to treat primary breast cancer 87
in postmenopausal women. (871
CN\/\O
48. Raloxifene (Evista®)
Table 6.  Sulphur-containing drugs under research.
Sulphur Containing Drugs Anticancer Property References
N
N
0 >_ N
S—NH
o Na*
49. N-(3-cyano-5,6-dihydro-4 H-cyclopenta[b]thiophen-2-yl)-2-((4-(N-
(pyrimidin-2-yl)sulfamoyl)phenyl)amino)acetamide, sodium salt
. \ J Showed anti-proliferative
(ICsp = 30.8 nM against human breast adenocarcinoma MCF7 cell line) activity against MCF7 by
inhibiting ATP recognition [88]
N S binding sites of TKRs (tyro-
s / sine kinase receptors).
N\
\
N—

HN
OH

50. 4-((6,7-dihydro-5H-cyclopenta[4,5]thieno[2,3-
d][1,2,3]triazin-4-yl)amino)phenol

(ICso = 38.7 nM against MCF7 cell line)

Table 6. Contd...
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Sulphur Containing Drugs

Anticancer Property

References

H
Q N 8
re W
O —
H, N
O N
@/U\/
\ S

51. (Z)-4-((3-ox0-3-(thiophen-2-yl)prop-1-en-1-yl)amino)

-N-(5H-114-thiazol-5-yl)benzenesulfonamide

(ICso=10.25 uM against MCF7 cell line).

X =
\ S
52. (Z)-4-((3-ox0-3-(thiophen-2-yl)prop-1-en-1-yl)amino)-N-(1-phenyl-1H-

pyrazol-5-yl)benzenesulfonamide

(ICs0=9.70 uM against MCF7 cell line).

S Z
76 1
O HN
——
\S

53. (Z)-4-((3-ox0-3-(thiophen-2-yl)prop-1-en-1-yl)amino)- N-(pyrimidin-2-

yl)benzenesulfonamide

(ICs0=9.55 uM against MCF7 cell line).
e
@)
S @) N

()=~

54. (Z)-3-((4-methoxybenzo[d]thiazol-2-yl)amino)-1
-(thiophen-2-yl)prop-2-en-1-one

(ICs0=9.39 uM against MCF7 cell line)

Showed good anti-
proliferative activity against
the MCF7 cell line.

[89]

Table 6. Contd...
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Sulphur Containing Drugs

Anticancer Property References

CI\/\N/\/CI

55. (E)-N-(4-(2-(2-(4-(bis(2-chloroethyl)amino)
benzylidene)hydrazineyl)thiazol-4-yl)phenyl)methanesulfonamide

(ICs0=2.32 pg/ml and 2.81 pg/ml against MCF7 and HCT116 cell line)

Exhibited anti-proliferative
effect against HCT116 and [90]
MCEF7 cell lines.

acrylonitrile

acrylonitrile

acrylonitrile

56. (Z)-3-(benzo[b]thiophen-2-yl)-2-(3,4-dimethoxyphenyl)

(Gl ranges from 10 to 100 nM for a variety of carcinoma cell lines)

57. (Z)-3-(benzo[b]thiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)

(GIs ranges from 10 to 100 nM for a variety of carcinoma cell lines)

58. (E)-3-(benzo[b]thiophen-2-yl)-2-(3,4,5-trimethoxyphenyl)

(GIs ranges from 10 to 100 nM for a variety of carcinoma cell lines)

Showed good anti-
proliferative activity against
various cancers, including
leukaemia, lung cancer, colon [91]
cancer, CNS cancer, melano-
ma, ovarian cancer, and renal
cancer.

3.2. Oxygen-Based Heterocyclic Compounds

Since 2010, around 8% of all FDA-approved anticancer
heterocyclic drugs are oxygen-based heterocyclic agents,
with eribulin and cabazitaxel being approved recently.
Paclitaxel (Taxol®™) with the oxetane ring holds a crucial po-
sition in carcinoma therapy. Coumarine-containing benzosu-
berone analogs have anticancer efficacy against the MCF7,
A549, MDA-MB-231, and Hela cell lines Tables 3 and 4
[66, 72-82].

3.3. Sulphur-based Heterocyclic Compounds

Sulfur is one of the most biologically essential hetero-
atoms. The amino acids cysteine and methionine need sul-
phur to form the overall tertiary structure of the crucial bio-
element proteins [83]. Sulfur is often found to form metal
complexes, and covalently linked sulphur can be the deter-
minant in various biological systems [84]. It is a vital ele-
ment of many vitamin cofactors, nucleic acids, and sugars
and crucial for the sulfuration of tRNA & thereby regulating
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translation [83]. Heterocyclic incorporation of sulfur atoms
leads to the changes in configurations of electrons, lone pair
of electrons and finally, alteration of electro-negativity be-
tween carbon and hetero-atoms. This causes noteworthy
changes in the molecular frame and thereby affecting physi-
cochemical properties and reactivity Tables 5 and 6 [85-91].

4. HETEROCYCLIC COMPOUNDS ACTING ON
TNBC

4.1. FDA-Approved Drug for TNBC
4.1.1. Atezolizumab and Abraxane Combination

Based on phase 3 IM passion 130 trial, for the treatment
of TNBC, the target-specific FDA-approved drug consists of
atezolizumab along with nab-paclitaxel in combination,
which has been recommended for locally advanced or meta-
static PD-L1-positive TNBC as frontline therapy. This com-
bination is considered the first approved cancer immunother-
apy treatment against breast cancer. It was observed that the
addition of the inhibitor for programmed cell death-ligand 1
(PD-L1), Tecentriq to Abraxane diminished the risk of death
and the progression of the disease by 40%, compared to sole
Abraxane [92, 93].

Iz

OH  ud 7
BZd AcO

59. Abraxane (nab-paclitaxel)

4.2. Mechanism of Action

TNBC was found to show high expression for PD-L1,
which was inhibited by Atezolizumab. Atezolizumab also
acts as an inhibitor of Programmed cell death protein 1(PD-
1) and CD80 receptors (B7-1Rs) [94]. High expression of
PD-L1 was found to reduce the activation of cytotoxic T-
cells, in some tumours, thereby preventing them from recog-
nizing and attacking the cancer cells. Atezolizumab inhibits
PD-L1, and cytotoxic T-cells remain activated to provoke an
anti-tumour response. "Immune checkpoint inhibition" is the
strategy to block the signals inhibiting T-cell activation [95].

5. DRUGS UNDER CLINICAL TRIALS FOR TNBC
5.1. Combination of Carboplatin and Eribulin

An investigation was performed to evaluate the safety
and efficacy of eribulin and carboplatin combination through
neo-adjuvant therapy against early-stage TNBC. The bi-
omarkers dependent on DNA expression profiles and pro-
teins were analysed to predict response. The combination
was found to be tolerant with grade 1 and 2 toxicities, and a
PCR was obtained as 43% through prediction with an ex-
pression of CDK2 and homologous recombination (HR) de-
ficiency status [96].
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60. Carboplatin

61. Eribulin

5.2. Ixabepilone

Ixabepilone (Ixempra, BMS-247550) was derived from
epothilone B semi-synthetically. It is considered a microtu-
bule-targeting drug through the isotypical alteration of mi-
crotubules. The BIII-tubulin expression suppressed the anti-
cancer activity of ixabepilone. This concept suggested that
BIII-tubulin could be responsible for developing ixabepilone
resistance [97].

62. Ixabepilone

Ixabepilone was investigated for safety and efficacy in
treating women with TNBC. The activity and toxicity data
were interpreted in phase II studies through retrospective
analysis against triple-negative subtypes. The drug candidate
also was reviewed in phase III trials against TNBC via a
prospective pooled analysis. Ixabepilone has shown promise
as an anti-tumour agent for TNBC treatment in various set-
tings. Ixabepilone and capecitabine in combination led to
enhance median progression-free survival (PFS) about two-
fold than capecitabine alone for the women with triple nega-
tivity than non-triple-negative tumours [25].
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6. RECENT ADVANCEMENTS IN HETEROCYCLIC
COMPOUNDS AS ANTI-TNBC AGENTS

Recently, through an amide coupling reaction and hy-
bridization strategy, tetrahydro-$-carboline-naphthalimide
derivatives were synthesized and evaluated on estrogen-
dependent and triple-negative breast cancer cells. The MTT
assay on MCF7 and MDA-MB-231 cell lines revealed prom-
ising compounds with ICs, values less than 43 uM. Among
them, compound 66 proved to be most efficient in the
growth inhibition of breast cancer cells while providing a
good safety profile for normal cells. The compound was also
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suggested as a potential selective estrogen receptor modula-
tor. The study showed the effectiveness of the hybridization
strategy in cancer prevention by utilizing two distinct hetero-
cyclic anticancer moieties [98].

In 2022, another series of compounds bearing fused ben-
zimidazole-imidazole was reported to treat TNBC. Com-
pound 67, the most potent candidate from this series, was
found to act through inhibition of autophagic flux along with
nuclear p62 accumulation, thereby causing DNA damage
and impairment of TNBC cell repair. Sequential p62 accu-
mulation inhibited RNF168-mediated ubiquitination of
chromatin. DNA damage response (DDR) regulatory HR-
related protein degradation was also inhibited by this accu-
mulation, resulting in the anti-TNBC effect. In the human
TNBC cell lines, 67 exhibited excellent potential with the
ICs¢ values of 8.3 uM (MDA-MB-231) and 6.0 uM (MDA-
MB-468) [99].

In 2021, Madia et al. suggested the aminopyrimidine
class of compounds as promising anti-proliferative agents
against various cancer histotypes, including TNBC, glioblas-
toma, colon cancer, and oral cancer squamous cell carcino-
mas. The innovative anticancer agents 68 and 69 were able
to reduce cell viability in all the carcinoma cell lines tested.
New derivatives were obtained by substituting at the 6" posi-
tion of the pyrimidine core and on the 2-aniline ring of the
previously established hit molecule, 68. Different strategies
like the replacement of ClI by electron-withdrawing groups,
the introduction of the p-flurobenzyl ring, and substitution
with varying alkyl amines were considered for optimization
of 68. Compound 69, N-benzyl counterpart of 68, exerted
ECsps in the range of 4 to 8 pM against various tumour cells
and was found to be 4-13 fold more effective than 68 [100].

Considering the success and limitations of platinum-
based compounds in the field of anticancer therapy, a study
on ruthenium-based compounds was conducted. Compound
70 was found targeting mitochondria; thereby, the mitochon-
drial respiratory chain got impaired and production of mito-
chondrial superoxide anion was promoted, finally, mito-
chondrial membrane got depolarized. In addition, compound
70 showed dose-dependent cytotoxic activity through the
misbalancing of cellular redox status. It proved itself effi-
cient in the treatment of TNBC by mitochondrial malfunc-
tioning and increasing oxidative stress [101].

Elena et al. conducted a one-pot three-component syn-
thesis for potential anti-TNBC agents as spirooxindoles de-
rivatives. The compounds 71, 72, and 73 having ICs, values
of 6.70, 6.40 and 6.70 uM, respectively, against MDA-MB-
231 cells, were the most potent derivatives. The cell apopto-
sis by 71 and 72 was caused by Bax up-regulation, Bcl-2
down-regulation, and promoting caspase-3 levels. Further-
more, compound 72 could elevate the percentage of annexin
V-FITC-positive apoptotic cells from 1.34% to 44%. Com-
pounds 72 and 73 also proved their ability as EGFR inhibi-
tors with ICs, values of 120 and 150 nM, respectively. Of the
three promising compounds, compound 72 was reported to
have the potential to lead to anti-TNBC drug development
[102].

Thienotriazolodiazepine compound 74 was estimated for
TNBC treatment and was found to exhibit anticancer effects
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with less than 500 nM Gls, value. The compound inhibited
the growth of proliferative cells by building up the assembly
of G1 phase cells and reducing S phase cells, along with in-
creasing CDKNI1A (p 21) mRNA levels. Investigated mech-
anism of action includes down-regulation of ¢ - Myc with n -
Myc expressions in the cells. While in combination with
everolimus 74 showed an additive anticancer effect on MDA
- MB - 231 and HCC1937 cancer cells, alongside an antago-
nistic effect to the cell line of MDA- MB - MB - 468 in hy-
poxia and normoxia conditions was shown. The promising
compound produced a synergistic effect against MDA - MB
- 468 cell lines while combined with docetaxel in hypoxia
and normoxia conditions [103].

On the cancer cells, the Phenylmethimazoles act through
the principles of reducing the expression of interleukin-6(IL-
6). In the treatment of TNBC, IL-6 inhibition is considered
to be a crucial option. The Phenylmethimazole derivative 75
was optimized to obtain 76. The promising derivatives were
confirmed for inhibiting IL-6 secretion of MDA-MB-231
cells through ELISA (enzyme-linked immunosorbent as-
says). QRT-PCR (quantitative real-time polymerase chain
reaction) demonstrated the inhibition of IL-6 mRNA within a
panel of TNBC cells by 76. The ICs, values for basal IL-6
secretion inhibition were 230 uM and 35 pM for compounds
75 and 76, respectively, while 76 could inhibit IL-6 mRNA
with an ICsyof 61 uM. The most efficient compound 76 was
reported to reduce NF-kB (p65/p50) DNA binding to provide
an inhibitory effect [104].

Another novel drug series as multikinase inhibitors were
evaluated for the treatment of TNBCs, and the lead was de-
veloped as 77 and found to potently inhibit KDR and Src
with significant ICsy values of 0.032 pM and 0.003 uM, re-
spectively. Compound 77 contained the ability to inhibit
kinases, including MAPK signal transduction pathway ki-
nases, DDR, RAF, and the P38 family of kinases. It was
found to show precise selectivity during kinase profiling
assay against 335 kinases and could completely suppress
tumour growth at 40 mg/kg/q.d dose against MDA-MB-435
(ICs = 0.030+0.006uM) and MDA-MB-231(ICsy =
0.008+0.002uM) xenograft models. The promising com-
pound was found with a good pharmacokinetic profile, low
acute toxicity, and less obvious hERG toxicity. For purpose
of the anti-TNBC activity, 77 was proved more efficient than
dasatinib, an Src inhibitor found in a clinical trial for TNBC
[105].

Cannabinoids comprise a wide area of interest in cancer
therapy through lack of studies due to their psychotropic
effects by activating the expression of CB1 receptors in the
brain. Quinine and cannabinoid combined pharmacophore
containing chromenopyrazoledione compound 78 was re-
ported to be selective to non-psychotropic CB2 receptors and
induce apoptosis in human TNBC cells. The combination
provides an anti-TNBC effect in vivo by activation of CB2
and production of ROS. The most potent derivative 78
showed tremendous efficacy against the TNBC cell lines -
MDA-MB-231 (ICso =2.8 £ 0.5uM), SUMI149 (ICs
=4.6uM), SUM159(ICsp =4.1uM) and MDA-MB-468(ICs
=17.3uM). The capable derivatives investigated do not pos-
sess cytotoxicity to non-cancerous human mammary epithe-
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lial cells and are recommended to be a novel therapeutic tool
in the management of TNBC [106].

The combination of S-1(5-FU) and eribulin was evaluat-
ed against cell lines of TNBC (MDA-MB-468, MX-1, and
MDA - MB-231). S-1, a fluoropyrimidine derivative, con-
tains tegafur (1-(2-tetrahydrofuryl)-5-fluorouracil), gimeracil
(5-chloro-2, 4-dihydroxypyrimidine) and oteracil (potassium
oxonate). S-1 is used for gastric cancer and other cancers
treatment in many countries. The combination provided a
synergistic effect for all cell lines and proved more effective
than individuals. The combination was found with a good
rationale for metastatic breast cancer patients in clinical stud-
ies [107].
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An investigation was performed to explore the anti-
TNBC efficacy of noscapine (79) with or without a doxoru-
bicin combination, and through the isobolographic method,
index values were determined. The experiment results
showed compound 79 was helpful in preventing the growth
of MDA-MB-468 (ICs5y =36.16+£3.76uM) and MDA-MB-
231(ICsp =42.7+4.3 puM) cancer cell lines. Noscapine and
Doxorubicin proved strong synergistic interaction to provide
marked raise in cell apoptosis when used against TNBC tu-
mours. The combination was found to execute their apoptot-
ic activity in two ways: anti-angiogenic pathways and NF-
KB inactivation. For the TNBC with more aggressiveness,
noscapine and Doxorubicin combination orally proved bene-
ficial [108]. The structures mentioned above of recently de-
veloped anti-TNBC agents are depicted in Fig. (2).

Fig. (2). Structures of recent heterocyclic compounds as anti-TNBC agents.
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CONCLUSION

TNBC, a challenging and complex disease entity, is con-
fusing and frustrating for researchers, physicians, and pa-
tients. In addition to exploring TNBC biology, the advance-
ments in hetero-molecular approaches in the treatment have
proved to be greatly efficient in TNBC therapy. A ground-
breaking number of studies have been conducted on that
event leading to the discovery of promising anti-TNBC
agents, PARP inhibitors, and many TKs (Tyrosine kinases)
that have moved to FDA-approved or as clinical trial candi-
dates. Many heteroatom-heteroatom (N, O, S, P and Se)
linkages in natural products have shown significant biologi-
cal activity. The hydrogen bond acceptor ability generally
helps increase the molecule's H-bond strength while per-
forming drug design studies. The change in the energy of a
topological hydrogen atom upon complexation [AE(H)] and
the minimum electrostatic potential on the H-bond accepting
site (Vmin) are taken into consideration in many molecular
scaffolds for finding out the most important, specific, and
local interactions occurring in biological recognition pro-
cesses. Through this thorough study concerning many anti-
TNBC heterocyclic molecules, we conclude that incorporat-
ing hetero-core into the pharmacophores may lead to high
protein-ligand interaction through a high amount of H-
bonding and electrostatic interactions and, in some designs,
improved target selectivity as well. Clinical trials are being
conducted in a competitive race to develop anti-TNBC
drugs. Thereby an extensive, thorough study of this field,
including biology and heterocyclic drug developments, can
bring a bright future in anti-TNBC research.
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