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Abstract
Despite recent advancements in the diagnosis and treatment of breast cancer (BC), patient outcomes in terms of survival, 
recurrence, and disease progression remain suboptimal. A significant factor contributing to these challenges is the cellular 
heterogeneity within BC, particularly the presence of breast cancer stem cells (BCSCs). These cells are thought to serve 
as the clonogenic nexus for new tumor growth, owing to their hierarchical organization within the tumor. This descriptive 
review focuses on the evolving strategies to target BCSCs, which have become a pivotal aspect of therapeutic development. 
We explore a variety of approaches, including targeting specific tumor surface markers (CD133 and CD44), transporters, 
heat shock proteins, and critical signaling pathways like Notch, Akt, Hedgehog, KLF4, and Wnt/β-catenin. Additionally, we 
discuss the modulation of the tumor microenvironment through the CXCR-12/CXCR4 axis, manipulation of pH levels, and 
targeting hypoxia-inducible factors, vascular endothelial growth factor, and CXCR1/2 receptors. Further, this review focuses 
on the roles of microRNA expression, strategies to induce apoptosis and differentiation in BCSCs, dietary interventions, 
dendritic cell vaccination, oncolytic viruses, nanotechnology, immunotherapy, and gene therapy. We particularly focused 
on studies reporting identification of BCSCs, their unique properties and the efficacy of various therapeutic modalities in 
targeting these cells. By dissecting these approaches, we aim to provide insights into the complex landscape of BC treatment 
and the potential pathways for improving patient outcomes through targeted BCSC therapies.

Keywords Breast cancer · BCSCs · Nanocarriers · Signaling pathways · Tumor microenvironment · Chemotherapeutics · 
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Introduction

Globally, breast cancer (BC) is considered a significant 
health burden. Worldwide, BC is the most commonly diag-
nosed and a leading cause of cancer-related deaths among 
women [1]. According to WHO estimates, every year, BC 
impacts almost 2.1 million women, and in 2018, only an 
estimated 627,000 women died of BC—nearly 15% of all 
cancer-related deaths in women [2]. With BC incidence, 
morbidity, and mortality still increasing in developing 
and developed countries, newer diagnostic and therapeu-
tic modalities are warranted [3]. Evidence suggests that 
a tumor’s cellular heterogeneity may contribute to the 

differences in cell proliferation, morphology, genetic signa-
ture, and treatment responses [3, 4]. Based on gene expres-
sion profiling, clinicians characterize clinically heteroge-
neous BC into four distinct molecular subgroups: luminal 
A and B, ER (estrogen receptor) positive, HER2 (human 
epidermal growth factor receptor 2) positive, with higher 
expression of HER2 gene, and triple-negative, lacking the 
expression of ER, progesterone receptor (PR), and HER2 [3, 
5]. Two different models have elucidated breast tumor het-
erogeneity: clonal evolution and cancer stem cell model [6].

According to the cancer stem cell model, breast cancer 
stem cells (BCSCs) play a critical role in driving tumor hier-
archy and cellular diversity within breast tumors. Tumors 
originating from BCSCs influence the tumor’s response to 
therapy. Furthermore, similar to normal stem cells, the self-
renewal properties of BCSCs alter the balance of signaling 
pathways in favor of tumor formation [7]. BCSCs exhibit 
unique properties within the tumor microenvironment 
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(TME), including slow proliferation, enhanced DNA repair 
mechanisms, expression of drug efflux pumps, and a sur-
rounding TME characterized by hypoxia and acidosis. Of 
note, these properties are context-dependent and can be 
influenced by changes in the TME [8]. Thus, cells that can 
auto-regenerate, proliferate, and induce tumor growth are 
called BCSCs or cancer-initiating cells.

Based on specific surface markers, BCSCs have been 
identified and isolated; notable ones include CD44+/CD24-/
lowALDH1+ [9, 10]. Additionally, researchers have utilized 
several other properties to determine BCSCs, such as their 
capacity to form spheres, their ability to extrude dye due to 
the overexpression of efflux pumps (ATP binding cassette), 
and their enzymatic activity of aldehyde dehydrogenase 1 
[8]. BCSCs are pluripotent cells that may give rise to tumor 
cells with diverse phenotypes, resulting in the growth of 
the primary and new tumors [11]. Thus, for an effective 
treatment, considering the heterogeneity of tumor cells, all 
BCSCs should be explicitly targeted and removed to prevent 
disease recurrence [4]. New breast cancer treatments target 
only proliferating cells, bypassing the slowly increasing or 
quiescent BCSCs to avoid target treatments—and this may 
be one of the critical reasons for BC chemotherapeutic fail-
ure [9]. These literature pieces of evidence suggest that the 
BCSC microenvironment is complex, which makes BCSC 
therapy a daunting task. This review will thus concentrate 
on various strategies aimed at targeting BCSCs within their 
microenvironment, along with the reasons for targeting 
BCSCs to enhance outcomes.

Need for targeting BCSCs

One of the major obstacles, resistance to current cancer ther-
apy, represents a significant problem for cancer treatment 
[7]. Chemoresistance and self-renewal, properties often 
associated with therapy failure, are exhibited by a subset 
population of tumor cells known as breast cancer stem cells 
(BCSCs). BCSCs are responsible for cancer initiation, pro-
gression, distant metastasis, disease recurrence, and resist-
ance to numerous forms of therapies, including chemo-
therapy [12]. Besides, BCSCs express genes that respond 
to oxidative stress and transporters, such as cell membrane 
ATP-binding cassette (ABC), which may confer resistance 
to existing anticancer therapies [11, 12].

Hence, cancer therapies may become ineffective because 
of leftover BCSCs that may be responsible for tumor 
regeneration [13]. Several intrinsic factors, such as altered 
receptor sensitivity, drug extruding potential, highly effi-
cient DNA repair mechanisms, dormancy in their niches, 
deactivation of phosphatase tensin homolog (PTEN), and 
augmented expression of HER2 confer resistance to BCSCs 
against conventional therapies [14]. Alas, the current cancer 

therapeutic approaches are not only expensive but also cause 
serious side effects [7].

Thus, a targeted approach against BCSCs must involve 
treatment modalities to restrict tumor maintenance potential 
and regrowth to attain ample cure. [15]. Novel therapeutic 
systems plan to eradicate BCSCs by targeting surface mark-
ers and signaling cascades involved in BCSCs maintenance 
and drug resistance. These novel modalities also aim to dis-
rupt signals from the tumor microenvironment capable of 
sustaining BCSC growth, which may promote tumor regen-
eration and therapy resistance-associated relapse [8]. Thus, 
the prime objective of the upcoming therapeutic approaches 
is to permanently switch off BCSCs in an attempt to com-
pletely diminish or eliminate the chance of relapse after 
effective treatment [15].

Current therapeutic strategies targeting BCSCs

Researchers have recently extensively investigated multiple 
strategies for eradicating or extinguishing BCSCs and their 
associated niches. These strategies include targeting tumor 
cell-specific surface markers, altering signaling pathways, 
modifying tumor microenvironment, modifying miRNA 
expression, impeding drug-efflux pumps, and inducing 
BCSCs apoptosis and differentiation [8]

Identification and targeting of BCSCs surface 
markers

Targeting surface markers

The surface markers for isolating and identifying BCSCs 
are key for targeted therapy. In solid tumors, a cell surface 
glycoprotein CD133/prominin-1 is widely expressed on 
BCSCs (Fig. 1). Cancers harboring a substantial population 
of CD133-expressing cells exhibit a poor prognosis and a 
resistant phenotype. Consequently, researchers have actively 
pursued testing anti-CD133 therapy. The polymeric nano-
particles loaded with paclitaxel forming antibody–drug con-
jugates targeting CD133 might be associated with improved 
drug delivery (Fig. 1), which resulted in enhanced effects on 
 CD133+ BCSCs, promoting their elimination (Table 1) [16].

Being a receptor of hyaluronic acid, CD44, a transmem-
brane protein, enables cell-to-cell adhesion and interac-
tion with extracellular matrix (ECM). CD44 is involved in 
cell proliferation, survival, migration, self-renewal, niche 
groundwork, differentiation, apoptosis, epithelial-mesen-
chymal transition, and resistance to apoptosis [17]. Many 
tumor cells, including breast cancer, demonstrated CD44 
overexpression. One of the strategies to eliminate BCSCs 
is to target CD44-expressing cells with monoclonal anti-
bodies. In this context, to prevent the relapse of aggressive 
BC, anti-human CD44 monoclonal antibodies have been 
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used in combination with doxorubicin and cyclophospha-
mide [8]. Using MCF-7 breast cancer cell lines, research-
ers targeted CD44 + cells, which displayed significant can-
cer stem cell characteristics, by photo-ablating them with 
anti-CD44 antibody-conjugated gold nanorods. This pro-
cess involved absorbing near-infrared light at the targeted 
site, thereby increasing the temperature of the targeted 
cells [18]. Another approach to target CD44 receptors on 
BCSCs was to coat hyaluronic acid on salinomycin nano-
particles, resulting in higher cellular uptake and increased 
toxicity toward BCSCs (Table 1) [19]. Additionally, oligo-
saccharides hyaluronan (oHA) conjugated with histidine-
menthone-1,2-glycerol ketal (oHM) targeting CD44 were 
assembled with curcumin and paclitaxel (PTX) demon-
strated the most robust anti-tumor activity (Fig. 1) [20].

CD47, a transmembrane protein, is a receptor for signal 
regulatory protein alpha (SIRPα) and the thrombospondin 
family. It is extensively expressed in cells of nearly all 
human solid tumors. Two monoclonal antibodies target-
ing CD47, B6H12.2 and B6H12, have been developed for 
breast cancer therapy (Fig. 1). The breast tumors were 

significantly prevented and repressed after administering 
B6H12.2 [8].

Currently, there are several promising therapies target-
ing surface markers undergoing clinical investigation. Anti-
body–drug conjugates (ADCs), where antibodies targeting 
specific surface markers are combined with cytotoxic drugs 
of interest, e.g., Herceptin (trastuzumab) to target HER2-
positive breast cancer and Kadcyla (ado-trastuzumab emtan-
sine) to target HER2-positive breast and gastric cancers’. 
Numerous other ADCs targeting various surface markers 
are progressing through different phases of clinical trials 
[21]. CAR T cell therapy, a personalized approach involving 
genetic modification of a patient’s T cells to recognize and 
eliminate cancer cells expressing specific surface markers, 
has shown notable success in treating certain blood cancers 
and is being explored for broader applications across dif-
ferent cancer types [22]. Additionally, bispecific antibodies 
which bind to two different targets—one on a cancer cell and 
the other on an immune cell such, as a T cell—thus, bring 
immune cells closer to cancer cells, thereby facilitating 
their destruction. Blinatumomab is an approved example for 

Fig. 1  Breast Cancer Stem Cell depicting surface markers and ABC Transporters. Various therapeutic modalities to target surface receptors and 
transports—referred by an inhibition sign ( )
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treating acute lymphoblastic leukemia, with ongoing clini-
cal trials investigating bispecific antibodies targeting diverse 
cancers and their surface markers [23].

Targeting BCSCs expressing transporters

ABC transporter inhibition

ATP-binding cassette (ABC) transporters are membrane 
transporters that can pump various structurally unrelated and 
diverse small molecules out of the cells, such as cytotoxic 
dyes and drugs employing the ATP hydrolysis mechanism. 
ABC transporters are highly expressed in both standard and 
cancer stem cells. The transporters-based drug efflux phe-
nomenon might likely contribute toward multidrug resist-
ance (MDR), thereby pumping many anti-tumor drugs 
out of the cells, thus lowering intracellular drug concen-
trations, which enables BCSCs to resist current cancer 
therapies. ABC superfamily includes P-glycoprotein (P-gp/
ABCB1), multidrug resistance proteins (MRPs/ABCC), 
and breast cancer resistance protein (BCRP/ABCG2) [24]. 

The expression of ABC transporters can be estimated by 
treating cells with Hoechst 33,342 dye, expelled out by a 
subset of the tumor population termed side population (SP). 
Accumulated data suggest that SP exists in cancer cell lines, 
and tumor cells can initiate tumorigenesis more than non-SP 
cells [18].

Nonetheless, interventions targeting ABC transporters 
may evoke adverse effects, owing to heightened drug accu-
mulation within healthy tissues. Therefore, it is imperative 
to delineate the physiological distribution of ABC transport-
ers, which predominantly encompass cancer cells, normal 
epithelial cells, and constituents of the blood–brain barrier. 
However, the strategic targeting/inhibition of cancer cell 
expressing ABC transporters holds promise in augmenting 
chemotherapy efficacy by impeding the efflux of antican-
cer agents from neoplastic cells. This mechanism amplifies 
intracellular drug concentrations which augment cancer 
cell targeting—and may  improve therapeutic outcomes 
[25]—and offers an alternative strategy to overcome chem-
oresistance. More recently, in an in vitro setting, a tyrosine 
kinase inhibitor, gefitinib, has been shown to reverse drug 

Table 1  Targeting BCSCs via surface receptors

HA Hyaluronic acid, PLGA Poly lactic-co-glycolic acid, PEG Poly-ethylene glycol, DTX Docetaxel, SMA Styrene maleic anhydride, TGPS D-α-
tochopherol polyethylene glycol 1000 succinate, CDF Curcumin difluorinated, CS Chitosan, PDEGMA di(ethylene glycol) methyl ether meth-
acrylate,
N.B: only studies published in 2015 and onwards were included in the table

Author (year) Targeting moieties Targets Therapeutic agents Delivery systems

Gener et al., [117] Anti-CD44 antibody CD44 receptor Paclitaxel (PLGA-co-PEG) polymeric 
micelles

Aires et al., [116] Anti-CD44 antibody CD44 receptor Gemcitabine derivatives Iron oxide magnetic nanoparticles
Gaio et al., [120] Hyaluronic acid and CD44 CD44 receptor Docetaxel + meso-tetraphenyl 

chlorine disulfonate
Hyaluronic acid-based docetaxel 

and meso-tetraphenyl chlorine 
disulfonate loaded nanoparti-
cles, HA@DTX/TPCS2a-NPs

Wang et al., [121] Hyaluronic acid CD44 receptor D-α-tocopherol polyethylene 
glycol 1000 succinate + sty-
rene-maleic anhydride

Hyaluronic acid + D-α-tocopherol 
polyethylene glycol 1000 
succinate + styrene-maleic 
anhydride + curcumin difluori-
nated—HA-SMA-TGPS-CDF-
NPs

Muntimadugu et al., [19] Hyaluronic acid CD44 receptor Salinomycin PLGA nanoparticles
Chen et al., [20] Oligosaccharides of hyaluronan CD44 receptor Curcumin/paclitaxel Inorganic calcium and phosphate 

ions coated hyaluronan oligo-
saccharides

-histidine-menthone 1,2-glycerol 
ketal micelles

Zhang et al., [122] Hyaluronic acid and Chitosan CD44 receptor Paclitaxel Hyaluronic acid-functionalized, 
paclitaxel loaded chitosan 
and based di (ethylene glycol) 
methyl ether methacrylate 
nanoparticles—HA-CS-g-PDE-
GMA-PTX NPs

Rao et al., [119] Chitosan CD44 receptor Doxorubicin Pluronic F127-Chitosan nano-
particles
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resistance in multidrug-resistant BC cell lines expressing 
ABC transporters [26]. A recent study has validated sig-
nificantly increased expression of ABC transporters, includ-
ing ABCG1, ABCG2, ABCC2, ABCC3, ABCC4, ABCC6, 
ABCC7, ABCC9, and ABCA3 in low-density breast cancer 
cultures, causing chemoresistance against tamoxifen and 
doxorubicin. Amplified mRNA expression was reduced after 
treatment of cultures with ABC transporter pan-inhibitor 
cyclosporin, leading to increased sensitivity of breast cancer 
cells toward the drugs mentioned above [27].

Lately, a study has shown that up-regulation of ABCA12 
leads to increased stemness and chemoresistance in BCSCs 
by reducing intracellular ceramide levels. Targeted inhibition 
of ABCA12 can reverse cancer stemness via ceramide home-
ostasis as it actively suppresses BCSC resistance against 
chemotherapeutic drugs [28]. Until now, based on natural 
compounds, second- and third-generation ABC transporter 
blockers have been explored, and the fourth generation is 
still in early stage research [29].

First-generation inhibitors with the ability to block 
MDR1/ABCBC1 are already in use for various conditions; 
notable ones include calcium channel blockers, e.g., vera-
pamil, antiarrhythmics and neuroleptics, e.g., quinidine 
reserpine and yohimbine, immuno-suppressants, e.g., cyclo-
sporin A and antiestrogens, e.g., tamoxifen and toremifene, 
yet their clinical efficacy is overshadowed by their toxic 
effects. From 1st generation P-gp (p-glycoprotein) modu-
lators come the 2nd generation MDR1 mediators, such as 
elacridar (GF120918), R-verapamil, dofequidar (MS-209), 
biricodar (INCEL, VX-710), valspodar (PSC833), or tim-
codar (VX-853),  possessesing less toxicity compared to the 
first generation due to nonselective inhibition of multiple 
ABC transporters and variable pharmacokinetic profiles, yet 
still produce clinically relevant side effects (Fig. 1). Besides, 
third generation modulators,  still in the early stages of 
investigations as BCSCs sensitizing agents, are more selec-
tive inhibitors of ABCG1, ABCB1, and ABCC1, such as 
oc144093 (ONT-093), Zosuquidar (LY335979), laniquidar 
(R101933), and tariquidar (XR-9576)  (Fig. 1).

Moreover, other small molecule tyrosine kinase inhibi-
tors (TKIs) can also inhibit ABC transporters, such as WHI-
P154, telatinib, AST1306, linsitinib, lapatinib, masitinib, 
motesanib and nilotinib (Fig. 1). Besides, to target ABCG2 
expressing cancer stem cells (CSCs), a new candidate, 
LY294002, a quercetin derivative, also inhibits ABCG2 [8].

Targeting stress response chaperone proteins (heat 
shock proteins, Hsps)

Heat shock proteins (Hsps), such as Hsp90, are highly 
expressed in diverse cancers, including MCF-7 BC. 
Therefore, these cancers can stand the fatal intrinsic onco-
genic mutations, making Hsps ideal targets for anticancer 

therapies. Recently, a report from Taiwan suggested a 
decrease in the  ALDH+ BCSCs population by knocking 
down Hsp27, employing siRNA gene silencing in combina-
tion with benzo-quinoid ansamycin antibiotic, i.e., geldana-
mycin (GA) [30]

As reported previously, the inhibition of Hsp90 resulted 
in the induction of heat shock factor-1 (HSF-1) and up-reg-
ulation of other Hsps, such as Hsp27 and Hsp70, all con-
tributing to resistance to treatments in blocking Hsp90. The 
knocking down of Hsp27 by the siRNA approach revealed 
a reduction of  ALDH+ BCSCs (20.3%). It was increased to 
63.7% when combined with 40 nM geldanamycin—a pos-
sible option for future clinical practice [15].

More recently, it was found that enzymes involved in 
the mevalonate metabolic pathway, responsible for protein 
farnesylation, synthesis of cholesterol, and protein geranyl 
geranylation [GG], were overexpressed in basal/mesenchy-
mal tumorospheres. In studies conducted in both in vitro 
and in vivo environments, it was discovered that the protein 
GG plays a crucial role in sustaining BCSCs. This finding 
was further substantiated by applying GGTI-288, a targeted 
inhibitor of geranyl transferase (GGTI). GGTI-288 led to 
a significant decrease in BCSC populations and a notable 
reduction in the formation of both primary and secondary 
tumorospheres [15].

Additionally, investigations in a mouse xenograft model 
of primary human breast cancer (T226, T214), treated either 
with GGTI (geranylgeranyl transferase I, 100 mg/kg/d for 
two weeks), docetaxel (10 mg/kg/wk for two weeks), or a 
combination of both, demonstrated a marked reduction in 
cell populations of over 70% in tumors treated with GGTI 
compared to docetaxel alone [15]. Data revealed that the 
heat shock protein (Hsp) pathway was implicated in the 
regulation of the mevalonate pathway and its downstream 
effects on BCSCs. Therefore, it can be inferred that GGTI 
specifically targeted BCSCs, with a partial contribution of 
RHoA/P27kip1 signaling, thus underscoring the importance 
of this pathway in therapeutic targeting, potentially in con-
junction with the inhibition of Hsps [15].

Targeting BCSCs signaling cascades

Targeting signal cascades for renewal, proliferation, and 
differentiation is another therapeutic strategy to eliminate 
BCSCs. Interestingly, both cancer and normal stem cells 
share the pathways and components involved in BCSCs self-
renewal and differentiation, such as Notch, PTEN, PI3K/
Akt, JAK/STAT, hedgehog, Wnt/β-catenin, Bcl-2, and oth-
ers (Fig. 2). AKT activation is pivotal for tumor progres-
sion and transformation [18]. Many studies have reported 
on the dysregulation of signaling pathways in BCSCs in an 
attempt to find new ways for cancer therapy. The promising 
research in targeting signaling pathways is mainly because 
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many cancers exhibit up-regulation or down-regulation. 
Consequently, these strategies are beneficial for identifying 
breast cancer stem cells (BCSCs) through surface markers 
and understanding the signals linked with the tumor micro-
environment [8].

Protein kinase Ca signaling

For targeted BCSC therapy, it is imperative and critical to 
identify the most pivotal regulatory networks that distin-
guish BCSCs from non-BCSCs. In this regard, in BCSCs, 
the protein kinase Ca (PKCa) signaling network is activated, 
which renders them liable to specific therapeutic agents. 
FRA1 is a crucial transcription factor downstream of PKCa 
that controls cancer stem cell function. As potential targets 
of BC, inhibition of PKCa and FRA1 can hamper tumor 
initiation with improved therapeutic value. The inhibition 
of protein kinase Ca (PKCa) affects only BCSCs with mini-
mum or no effect on non-BCSCs. Pharmacologic inhibition 
of PKCa can target BCSCs selectively and may demonstrate 
a therapeutic edge in treating breast tumors [13].

Targeting notch pathway

Notch signalling is a pivotal pathway in vital cellular pro-
cesses, such as stem cell differentiation, maintenance, pro-
liferation, and cell fate determination during embryonic 
development [31]. The notch signalling pathway consists of 
four Notch receptors (Notch 1, Notch 2, Notch 3, and Notch 
4) and five ligands (delta-like 1, delta-like 3, delta-like 4, 
Jagged 1, and Jagged 2). However, several literature reports 
have discussed the activation and inhibition of notch recep-
tors, considering cell type-dependent effects [32, 33].

Both Notch4 and Notch1 were activated in BCSCs, while 
inhibition of the Notch4 receptor leads to reduced BCSCs 
activity in vitro and reduced tumor development in vivo 
[34]. A report by Harrison et al. suggests that in vivo Notch1 
knock-down decreased the size and number of tumors. 
Still, complete repression in tumor initiation was observed 
after Notch4 knock-down, indicating that therapies target-
ing Notch4 will be more productive than those targeting 
Notch1 in defeating BC relapse. Data further suggest that 
the overexpression of Notch4 resulted in basal-like tumors’ 
development due to poor differentiation. At the same time, 

Fig. 2  Dysregulation of signaling pathways in Breast Cancer Stem Cells. This figure depicts various pathways, such as Notch, Hedgehog, Wnt, 
NfKB and Akt targeted ( ) by various therapeutic options
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gamma-secretase inhibitors block notch signalling and re-
sensitize cancer cells toward trastuzumab, tamoxifen, and 
chemotherapy. These findings indicate that targeting notch-4 
will be more practical than notch-1 in quelling BC recur-
rence originating from BCSCs [34].

More recently, the development of monoclonal anti-
body tarextumab, either alone or in combination with other 
chemotherapeutic medications, has been shown to inhibit 
both Notch2 and Notch3 functions [8]. In 2009, Merck & 
Co developed MK-0752, a secretase inhibitor that preferen-
tially kills BCSCs resistant to chemotherapy and radiation 
by blocking the notch pathway. After successful studies in 
mice, they conducted a phase I clinical trial by enrolling 35 
women with advanced BC who were administered MK-0752 
(Fig. 2). Data suggested marked attrition in the number of 
BCSCs [15].

Another drug, Hesperetin, has been shown as a potential 
candidate for the treatment of BCSCs by blocking the Notch 
pathway [35]. Furthermore, Metformin, a drug commonly 
used for type 2 diabetes, has shown potential as an anti-
cancer agent, particularly in breast cancer treatment. While 
its exact mechanism of action remains unclear, metformin 
is believed to exert its anticancer effects through multiple 
signaling pathways, including the AMP-activated protein 
kinase (AMPK) pathway, the mammalian target of rapamy-
cin (mTOR) pathway, and the insulin/insulin-like growth 
factor 1 (IGF-1) signaling pathway. These pathways are 
involved in regulating cellular processes such as metabo-
lism, proliferation, and survival [36]. Additionally, recent 
studies have suggested a potential link between metformin 
and the Notch signaling pathway, which plays a critical role 
in stem cell maintenance and differentiation. Metformin has 
been reported to modulate Notch signaling in breast can-
cer cells, leading to the inhibition of Notch receptors and 
ligands—suppressing BCSCs. Further research is needed 
to fully understand the molecular mechanisms underlying 
the interaction between metformin and the Notch signaling 
pathway [7, 37].

Targeting hedgehog pathway

The hedgehog pathway is another pivotal pathway with a 
known contribution to stem cell maintenance, embryonic 
development, proliferation, and differentiation. Hedgehog 
signaling (HHs) is also implicated in the transition from epi-
thelial to mesenchymal state (EMT), cancer cell invasion, 
chemotherapeutic resistance, metastasis, and tumor relapse 
[8]. Several studies have shown that specific inhibition of 
HHs in diverse cancers reduced drug resistance, regression, 
and metastasis [15]. Lately, a phase I clinical trial reported 
by Chia and Ma demonstrated that a drug named GDC-0449 
(Fig. 2), when combined with other molecules, inhibited HH 
pathways for breast cancer treatment [38].

Moreover, an SMO signaling element inhibitor, cyclo-
pamine, has been utilized by several groups to exploit its 
anticancer potential, which is known to inhibit the hedgehog 
signaling cascade. A study by Chen et al. further revealed 
that cyclopamine inhibited breast tumor growth (Fig. 2), 
invasion, and distant metastasis in vivo and in vitro [18]. 
Recent literature has reported that the use of Dinaciclib is 
associated with inhibition of stemness-related properties in 
two breast cancer cell lines, HCC-1806 and MCF-7, through 
regulating hedgehog signaling pathway and FoxM1; cell 
cycle regulator, showcasing the ability of hedgehog path-
way to act as a potential therapeutic target in case of breast 
cancer [39].

Targeting TGF‑β/Smad pathway

Most recently, a modified form of harmine (YH677) was 
found to selectively target breast cancer stem cells by 
regulating TGF-β/Smad signaling cascades. It efficiently 
showcased anti-metastatic and anti-proliferative capabili-
ties, reducing tumor growth and migration and suppressing 
stem cell-related genes and EMT markers in patient-derived 
organoids, thereby acting as a potent drug for treating triple-
negative breast cancer [40].

Targeting Wnt/b catenin pathway

In cancers such as BC, leukemia, colon, and skin, the wnt/β-
catenin signaling pathway is one of the most dysregulated 
[8].

A novel derivative of sulindac, a nonsteroidal anti-inflam-
matory drug, i.e., phosphosulindac, has been shown to selec-
tively kill BCSCs both in vivo and in vitro settings via block-
ing EMT and Wnt/β-catenin signaling pathways (Fig. 2) 
[15]. Moreover, another study utilized a natural compound, 
sulforaphane, derived from broccoli sprouts, which has been 
shown to inhibit BCSCs by down-regulating Wnt/β-catenin 
self-renewal pathway BCSCs [41].

Another compound, salinomycin, derived from streptomy-
ces albus, has been shown to reduce BCSCs more than 100 
folds compared to paclitaxel and almost 20-fold decrease in 
the proportion of  CD44+/CD24−/low compared to approxi-
mately 18-fold reduction by paclitaxel (Fig. 2) [41]. These 
effects have been attributed to inhibiting Wnt/β-catenin sign-
aling networks by impeding the phosphorylation of LRP6, 
the Wnt co-receptor, and promoting its degradation [38].

Targeting NF‑κB pathway

The transcription nuclear factor kappa B (NF-kB) is consti-
tutively activated in several cancers. It controls the expres-
sion of several proteins involved in apoptosis, cell survival, 
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and proliferation [42], significantly impacting self-renewal 
and expansion of BCSCs [43].

Furthermore, a study using MCF-7 cells as a model of 
BC-like stem cells evaluated the effects of specific inhibi-
tors of NF-κB, pyrrolidine-di-thiocarbamate (PDTC), and 
parthenolide (PTL), and its analog diethyldithiocarbamate 
(DETC), which specially retard MCF7 sphere cell prolifera-
tion (Fig. 2). It was discovered that the inhibitory effect of 
these compounds was due to the blocking of NF-κB actions 
in both MCF7 sphere and MCF7 cells, with significantly 
higher inhibition in MCF7 sphere cells than in MCF7 cells 
[44], suggesting that the targeted inhibition of BCSCs can 
be achieved by targeting NF-κB signaling pathway.

A growing body of evidence suggests that specific inhi-
bition of NF-κB can suppress chemoresistance to a large 
extent. At the same time, inhibitors targeting NF-κB can 
augment the sensitivity of cancer cells to chemotherapeutic 
agents. Besides, the combined delivery of NF-κB inhibi-
tor PDTC and DOX successfully overpowers the menace of 
multidrug resistance [18].

PDTC and DETC are well-acknowledged antioxidants 
that can hamper the NF-κB pathway by blocking and inhib-
iting NF-kB and IKK activity, respectively [45, 46]. Further-
more, in the mouse xenograft model, PDTC alone demon-
strated marked inhibition of tumor growth but revealed even 
better tumor growth inhibitory effects when combined with 
paclitaxel. Besides, parthenolide (PTL), obtained from the 
extracts of Tanacetum parthenium, can inhibit the NF-κB 
pathway. In a xenograft model of BC, PTL, in combination 
with docetaxel, has been shown to reduce metastasis and 
improve survival significantly (Fig. 2). [44].

Targeting Akt signaling

PI3K/Akt/mTOR signaling pathway is known to be involved 
in a variety of cancer processes, with a series of phospho-
rylation reactions involving several vital molecules such as 
PI3K activating mutations, AKT overexpression or activa-
tion in metastasis and invasion, and mTOR are considered 
pivotal for cancer cell growth, survival, and angiogenesis 
[47]. This signaling pathway is suggested to maintain BCSC 
features [8]. In BC, the targeted inhibition of PI3K or Akt 
resulted in reduced genesis and CD44/CD24 mammospheres 
growth, which leads to loss of stem cell/mesenchymal stem 
cell phenotype and retrieval of endothelial phenotype [48].

A pharmacological agent, Perifosine, an Akt inhibitor, 
has been shown to decrease the serial mammosphere for-
mation (Fig. 2). Nonetheless, the major challenge is their 
limited toxicity toward selected cell types, i.e., BCSCs [49]. 
Targeting the mTOR pathway can be promising therapeutic 
strategy against BCSCs. A steroidal compound, Dioscin, 
was tested in MDA-MB-231 and MCF-7 cell lines to assess 
its treatment efficacy against breast cancer. Dioscin-treated 

BCSCs showed reduced proliferation, migration, and dif-
ferentiation, possibly due to G0/G1 and G2/M cell cycle 
arrest. Insights into molecular mechanisms associated with 
DS treatment showed significant down-regulation of the 
mTOR pathway, which leads to reduced BCSC prolifera-
tion and increased apoptosis [50].

Targeting Kruppel‑like factor 4 (KLF4)

The Kruppel-like factors (KLFs), transcription factors, 
belong to a family of gene regulatory proteins involved in 
the regulation of a wide variety of cellular processes, such as 
proliferation, differentiation, inflammation, migration, apop-
tosis, and tumor formation [51] [52]. Kruppel-like factor 4 
(KLF4) is overexpressed in more than 70% of BC and acts 
as an oncogene, while persistent overexpression of KLF4 
leads to an increase in the BCSCs population. Thus, knock-
ing down of KLF4 in BC cells, MDA-MB-231, and MCF-7 
resulted in a marked reduction in the proportion of stem/
progenitor cells, as evident by a significant decrease in the 
expression of stem cell-associated surface markers, such as 
ALDH1 and side population, along with suppression in cell 
migration and invasion potential of MCF-7 cells [52]. These 
data suggest that KLF4 plays an imperative role in mam-
mary tumorigenesis, probably by upholding stem cell-like 
characteristics and supporting cell migration and invasion. 
Thus, targeting KLF4 may provide an efficacious therapeu-
tic approach to contain tumorigenicity in BC. Moreover, a 
small molecule inhibitor of KLF4, Kenpaullone, decreases 
the mRNA and protein expression of KLF4 in both MDA-
MB-231 and MCF-7 cells, which might provide a future 
therapeutic strategy to suppress tumorigenesis [52].

Targeting tumor microenvironment

The BCSCs reside in a “niche” tumor microenvironment, 
providing essential signals for their self-renewal, mainte-
nance, and homeostatic processes, including angiogenesis, 
weakly acidic pH, and hypoxia [8]. This involves a variety 
of factors, receptors, and procedures.

CXCL12‑CXCR4 axis

It has been argued that the CXCL12-CXCR4 axis regulates 
the cross-talk between BCSCs and tumor stroma. This starts 
with binding chemokine, CXCL12, or stromal-derived fac-
tor-1 (SDF-1) to its receptor CXCR4, which is implicated 
in the invasion, migration, and survival of both standard 
and malignant cells. In the tumor microenvironment, this 
binding, the CXCL12-CXCR4 axis, establishes an intri-
cate relation between the cells and tumor stroma that may 
activate many processes related to cellular growth, metas-
tasis, and chemoresistance (Fig. 3). In human BC, CXCL12 
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is produced by stromal fibroblasts, thereby exerting two 
independent effects on the development of a tumor, i.e., an 
endocrine effect produced by stimulating angiogenesis and 
a paracrine effect induced by directly acting on cancer cells 
via CXCR4 [53].

After extensive research, several inhibitors that poten-
tially target CXCR12 or CXCL4 have been studied. One of 
the inhibitors of CXCR4, AMD3100, also known as plerixa-
for, has been shown to induce the mobilization of hemat-
opoietic stem and progenitor cells and inhibit the growth 
of tumors by enhancing apoptosis and reducing the prolif-
eration of tumor cells [54]. CTCE 9908 is another CXCR4 
antagonist significantly reducing tumor growth and metasta-
sis in xenograft mouse models of inflammatory BC (Fig. 3) 
[8]. Besides, 14,003 analogs and Plerixafor (AMD3100), 
CXCR4 antagonists, destroy the adhesiveness of tumor-
stroma interactions (Fig. 3), thus making the cells more 
vulnerable to cytotoxic drugs [18].

Vascular endothelial growth factor (VEGF)

Another therapeutic strategy is to target BCSCs in their 
endothelium niche. Enhanced angiogenesis will likely 

enrich these niches with a blood supply [26]. However, 
another pivotal mechanism stimulated and controlled by 
the tumor microenvironment is tumor angiogenesis, which 
may impact BCSC survival and overall tumor growth. In 
this context, targeting the vascular endothelial growth fac-
tor (VEGF) that regulates optimal vasculogenesis reduces 
tumor growth and disturbs BCSCs’ niche [55]. Bevaci-
zumab, an anti-VEGF blocking antibody, is an approved 
drug targeting the VEGF/VEGFR system. In contrast, 
sunitinib, pazopanib, and sorafenib are VEGFR-2 pathway 
inhibitors (Fig. 3). VEGF induced angiogenesis through 
mutual interactions between cell membrane transporter 
ABCG2 and tumor hypoxic environment led to increased 
BCSC stemness. Experimentally, Quinacrine has been 
shown to suppress VEGF-associated angiogenesis by 
inhibiting the interaction between ABCG2 and tumor 
hypoxic environment [56]. A very potent and highly selec-
tive small molecule inhibitor against the VEGFR family, 
Fruquintinib (HMPL-013), is currently in phase II clinical 
studies. (Fig. 3) [8]

Fig. 3  Breast Cancer Stem Cells residing in a sophisticated tumor microenvironment. Various microenvironmental factors; pH, miRNA’s, angio-
genesis, and receptor axis and their potential therapeutic targets ( )
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Targeting HIF (hypoxia inducible factor)

Another remarkable feature of the tumor microenvironment 
is hypoxia, controlled by highly inductive transcription 
factors, hypoxia-inducible factor-1 (HIF-1), and hypoxia-
inducible factor-2 (HIF-2). In this regard, for effective con-
trol of tumor metastasis, targeting HIF may improve chemo 
and radiotherapy outcomes [57]. In BC, the primary tumor 
growth was reduced with a reduction in the dissemination 
of cancer to the lungs by targeted inhibition of HIF via RNA 
interference or digoxin treatment of BrCa cells, which leads 
to the down-regulation of the expression of L1 cell adhesion 
molecule (L1CAM) and angiopoietin-like 4 (ANGPTL4) 
(Fig. 3) [8]. A recent study has evaluated the promising role 
of a compound 3-O-α-L Arabinosyl oleanolic acid in sup-
pressing the growth of BCSCs by directly targeting hypoxia-
inducible factors; HIF-1α and HIF-2α, facilitating BCSCs 
apoptosis by down-regulating them [58]. Moreover, in BC, 
hypoxia has been shown to induce BCSCs phenotype via 
HIF-dependent and ALBH5-driven m(6)-demethylation of 
NANOG mRNA (Fig. 3) [59].

Acidic extracellular pH

As reported in recent decades, most malignant tumors cher-
ish a reduced extracellular pH. These peculiar characteristics 
of the tumor microenvironment contributed to the increased 
tumor cell metabolic activity and reduced tumor vascular 
perfusion [60, 61]. This extracellular acidic pH confers a 
careful advantage to tumor cells over normal cells and may 
promote drug resistance. From the management point of 
view, several stratagems have been considered, such as using 
delivery of drugs having specificity for acidic environments, 
use of systemic buffers, sodium bicarbonate, and using pH 
regulatory pathway inhibitors like carbonic anhydrase IX 
(CAIX) (Fig. 3) [62]. One way of improving drug delivery 
procedures is to entrap the drugs into silica matrices like 
doxorubicin and camptothecin (Fig. 3) [63]. Likewise, a sys-
temic buffer consisting of sodium bicarbonate can be utilized 
to alkalinize the microenvironment [8].

Furthermore, one of the remarkable features of the TAT 
peptide, an arginine-rich peptide, is that it can quickly trans-
port various types of small drug molecules, both in vivo and 
in vitro, into mammalian cells (Fig. 3). Attempts have been 
made to conjugate biotin with TAT, a pH-sensitive cargo. 
Under slightly acidic pH, this cargo reveals biotin. In a 
report by Lee et al., micelle was conjugated with TAT that 
hides TAT during circulation but facilitates the internaliza-
tion process when exposed at a slightly acidic extracellular 
pH [64], resulting in a rapid increase in concentration of 
doxorubicin in the cytosol. This innovative cargo has been 
assessed in tumor xenografts of BC MCF-7 cells, where a 
noticeable decrease in tumor size has been observed [18].

Targeting CXCR1/2 receptors

Dysregulation of interleukins, such as interleukin-8 (IL-8) in 
malignant BC, is well recognized. Targeting CXCR1/2 sign-
aling has shown considerable success in in vivo BC models 
[14]. The literature evidence suggests that IL-8 (CXCR1/2 
ligand) is a critical extraneous regulator of BCSC activ-
ity. Nonetheless, considering IL-8 alone may confer little 
benefits, probably due to the co-regulation of CXCR1/2 
agonists (CXCL2/GRO-β, CXCL1/GRO-α, CXCL5, and 
CXCL3/GRO-γ) along with IL-8 [65]. This can reasonably 
be controlled by blocking the CXCR1/2 axis. Furthermore, 
non-competitive antagonists of CXCR1 and CXCR2, orally 
active small molecules, such as SCH527123, repertaxin, 
and SCH479833 have shown anticancer effects in xenograft 
models of BC, whereas SCH563705 demonstrated improved 
efficacy at inhibiting primary human BCSC activity by bind-
ing to CXCR1 and CXCR2 (Fig. 3) [66, 67]. Despite the 
proven effectiveness of CXCR1/2 inhibitors in preclinical 
settings, they are still in the early stages of drug develop-
ment. However, the only CXCR1/2 inhibitor, i.e., repertaxin, 
has been through clinical testing. In advanced BC patients, 
clinical trials are underway to estimate the combined effects 
of repertaxin and docetaxel chemotherapy for safety and 
clinical efficacy (Fig. 3) [68]. Thus, combining CXCR1/2 
inhibitors with either current chemotherapy/endocrine 
therapy or HER2-targeted therapies might confer a more 
effective strategy to eradicate both the BCSC and non-BCSC 
populations that may lead to improved treatment outcomes 
involving both adjuvant and advanced clinical settings [14].

Targeting BCSCs via miRNA expression

MicroRNAs (miRs) are small, non-regulatory RNAs that 
affect various biological processes, such as self-renewal, 
cell division, and differentiation. These miRNAs maintain 
normal cell functions and involve a wide range of signal-
ing networks that may convert stem cells into cancer stem 
cells. They can influence the cells either as oncogenes or 
suppressors of tumor growth by differentially regulating 
the key properties of BCSCs, such as cell cycle exit, sur-
vival, differentiation, migration, invasion, and endothelial-
mesenchymal transition—all that promote progression and 
metastasis [69]. These oncogenic miRNAs can be targeted 
using anti-sense oligonucleotide inhibition. In this con-
text, miR-21 is frequently up-regulated in various cancer 
stem cells, and the knocking down of miR-21 prevents cell 
migration, proliferation, and tumor growth in BC (Fig. 3) 
[70]. Additionally, the miRNA-200 family is known to be a 
chief regulator of BCSC function and development. In this 
regard, mi-RNA200c markedly suppressed the clonogenicity 
of BCSCs via BMI1 (protooncogene, polycomb zinc finger) 
[71] and miRNA200b by directly acting on Suz-12 (Suz12 
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polycomb repressive complex 2 subunit), both affecting 
BCSCs growth (Fig. 3) [72].

Lately, miRNA106b-25 has been shown to down-regulate 
SMAD family member-7 (SMAD7) protein that activates 
the TGF-β pathway in BC tumors [73]. miRNA-487a has 
been shown to trigger TGF-β mediated EMT, invasion, 
and migration by decreasing MAGI-2 expression (Fig. 3) 
[74]. Cao et al. demonstrated that miRNA-4469 negatively 
controls the expression of CDK-3 (cyclin-dependent kinase 
3) in BC metastasis (Fig. 3). In contrast, increased expres-
sion of CDK3 inhibits tumor progression of breast tumor 
cells by inhibiting the Wnt/β-catenin pathway (Fig. 3) [75]. 
Kong et al. demonstrated that the up-regulation of miR-
NA27a resulted in the up-regulation of β-catenin and Wnt 
proteins, which triggered the Wnt/β-catenin cascade by 
inhibiting sFRP1 thereby activating migration and invasion 
of breast tumor [76]. More importantly, decreased expres-
sion of miRNA-134 enhanced tumorigenesis of breast can-
cer via up-regulation of KRas [77]. Furthermore, re-gain-
ing the expression of miRNA 34a-5p has been shown to 
reduce the stemness of BCSCs by facilitating doxorubicin 
influx achieved through attenuation of ABCC1 expression 
in MDA-MB-231 cell lines [78]. Likewise, reduced expres-
sion of miRNA-29a inhibits the proliferation cell cycle and 
increases apoptosis, probably by controlling the NF-κB sign-
aling pathway (Fig. 3) [79].

Targeting BCSCs by inducing apoptosis

Apoptosis is a uniquely regulated mode of cell death involv-
ing multifaceted signaling mechanisms. An escape from this 
regulatory process is a prerequisite for the cells to initiate 
cancer, and among others, the pro-apoptotic approach is 
the most common strategy in cancer therapy [8]. Due to its 
promising outlook in clinical settings, several compounds 
have been examined to target innate and extraneous apop-
totic pathways.

One strategy is to activate the death receptors, trimeric 
human tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), and CD95, which leads to caspase-8 activa-
tion. The use of TRAIL in combination with other anti-tumor 
mediators has shown encouraging results in eliminating can-
cer stem cells. Thus, TRAIL, combined with cisplatin, has 
decreased the triple-negative breast cancer (TNBC) stem 
cells by blocking Wnt signaling and promoting apoptosis 
[8]. A study by Jasim et al. showed the apoptosis-inducing 
activity of a phytochemical Corosolic acid (pentacyclic 
triterpenoid) in triple-negative breast cancer cells MADA-
MB-231, demonstrating their anti-proliferative ability in 
MCF-7 cell lines, associated with significant inhibition of 
Jak/Stat signaling cascades [80]. Another signaling pathway 
that affects the control of apoptosis pathways in BCSCs is 
the NF-κB transcription factor and its downstream targets. 

Numerous reports suggest that NF-κB inhibits apoptosis and 
induces cell proliferation, inflammation, tumor progression, 
angiogenesis, and metastasis [81].

The small molecules, parthenolide, pyrrolidine dithiocar-
bamate, and its analog diethyldithiocarbamate by inhibit-
ing NF-κB signaling, preferentially target breast cancer 
stem cells—through a more targeted approach is required 
to increase the specificity and proficiency of these agents 
in targeting cancer stem cells without affecting on normal 
tissue stem cells [8] [82].

Furthermore, salinomycin, isolated from Streptomyces 
albus, a polyether ionophore antibiotic, has been shown to 
reduce BCSCs by more than 100-fold compared to the con-
ventional chemotherapeutic agent, paclitaxel [83]. Salinomy-
cin induces pro-apoptotic effects in chemo-resistant tumor 
cells expressing higher levels of p-glycoprotein and Bcl-2 
[84]. However, due to the potential toxicity of salinomycin 
exposure, either by ingestion or inhalation, the real-world 
therapeutic value of this remarkable compound has been 
compromised.

Another chemical component from medicinal herb gin-
seng called ginsenoside F2 demonstrated marked suppres-
sion of BCSC proliferation via innate apoptotic signals uti-
lizing protective autophagy via phosphorylation of p53—a 
tumor suppressor. These effects of ginsenoside F2 were even 
more pronounced than the well-recognized phytochemicals, 
including quercetin, tangeretin, nobiletin, and baicalein in 
MCF-7 cells and BCSCs—dose-dependent decrease in the 
viability of BCSC after 24 h, while the phytochemicals rep-
resented a poor suppressive response toward BCSC prolif-
eration [15]. More recently, a study evaluated the therapeutic 
potential of a candidate drug compound, Pitavastatin, against 
a triple-negative breast cancer phenotype. Pitavastatin expo-
sure to 4T1 and BT549 cells significantly reduced stem 
cell-related properties through induction of mitochondria-
mediated apoptosis. Furthermore, dysregulation of the STAT 
survival pathway, as well as down-regulation of survivin, 
Cyclin D, and vimentin, was observed, leading to suppres-
sion of stem-like properties of BCSCs as well as a significant 
reduction in angiogenesis and tumor growth [85].

Targeting BCSCs by inducing differentiation

Traditional chemotherapeutic agents target and manage dif-
ferentiated cells without affecting cancer stem cells. This 
compels the researchers to utilize differentiation agents or 
target pathways that support cancer stem cell differentiation 
rather than self-renewal. Numerous differentiation agents, 
such as retinoic acid and its analogs (ATRA), miRNAs, 
tyrosine-kinase, histone deacetylase inhibitors, and signal-
ing pathway inhibitors, have been proposed in this context.

A study was conducted to assess the anticancerous 
properties of Empagliflozin (EMPA) in breast cancer 
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stem cells. Researchers found that EMPA acts as an 
enhancer of miR-128-3p, thereby causing the knockdown 
of its down-regulatory genes PRM2 and SP1, which are 
responsible for breast cancer stemness. Hence, EMPA was 
proved to be a potential therapeutic in suppressing tumor 
growth by inducing the differentiation of breast cancer 
stem cells [86]. Studies have shown that a lipophilic 
derivative of vitamin A, i.e., retinoic acid (RA), is a well-
known inducer of stem cell proliferation and differentia-
tion [87] [88]. The carboxylic form of vitamin A, also 
termed all-trans-retinoic acid, tretinoin upon treatment 
to BCSCs leads to their differentiation with subsequent 
reduction in invasion, migration, and increased sensitivity 
toward chemotherapy [89]. Another pivotal regulator of 
stem cell differentiation, i.e., let-7, is lowered in BCSCs, 
yet ectopic delivery of let-7 to BCSCs can hinder the pro-
liferation of stem cells, maintenance, and sphere forma-
tion [90]. A promising work by Pham et al. showed that 
the knockdown of CD44 resulted in the loss of stemness 
of BCSCs into differentiated cells, resulting in increased 
susceptibility of BCSCs toward chemotherapy and radia-
tion therapy [91].

The strategies to induce BCSC differentiation are not 
specific and may affect normal or stem cells. Nonetheless, 
more targeted delivery of the agents that cause differen-
tiation would be relatively safer than other therapeutic 
options in BC treatment.

Targeting HER2 signaling

Human epidermal growth factor receptor 2 (HER2) posi-
tive BC subtype exhibited aggressive tumor growth. The 
most common effectors of HER2 signaling include the 
mitogen-activated protein kinase (MAPK) pathway, phos-
phoinositide-3-kinase (PI3K)/Akt signaling, and protein 
kinase C activation. With three significant and pivotal 
ways engaged, HER2 signaling is inherently involved in 
cell proliferation, survival, adhesion, migration, differen-
tiation, and apoptosis [92].

Besides, an FDA-approved CDK-4/6 inhibitor, pal-
bociclib, either alone or in combination with trastu-
zumab, has been shown to inhibit the growth of  HER2+ 
cell lines [92]. Likewise, immune checkpoint inhibitors, 
cytotoxic T lymphocytes associated protein 4 (CTLA4), 
and programmed death 1 (PD1) have been associated 
with the poor overall survival of  HER2+ BC. Further-
more, a strong association between IL-6 serum levels and 
poor clinical outcomes in  HER2+ BC patients has been 
observed—probably the inflammatory feedback loops 
regulating BCSCs, involving STAT3/Akt/NF-κB signal-
ing pathways, may contribute to trastuzumab resistance 
in  HER2+ BC [93].

Diet mediated targeting

Dietary sources from vegetables and fruits are considered 
central for BC risk reduction. A study by Montales et al. 
demonstrated that soy isoflavone genistein (GEN), a metabo-
lite of blueberry (BB) polyphenols, can efficiently weaken 
in vitro formation of mammosphere at physiologically appo-
site doses, suggesting that these compounds are most likely 
to repress cancer stem cells self-renewal and expansion 
in vivo [94].

Another alkaloid, berberine, extracted from Berberi-
daceae, Coptis chinensis, and Hydrastis Canadensis, when 
developed as liposomes, has been shown to modify the mito-
chondrial proteins and resistant membrane of BCSCs, effec-
tive for the prevention and treatment of BC relapse. The ber-
berine liposomes could cross the membranes of BCSCs by 
gathering in the mitochondria and inhibiting ABC transport-
ers (ABCG2, ABCC3, ABCC2, ABCC1) [12]. Furthermore, 
data suggested that these liposomes induce pro-apoptotic 
BAX protein and block anti-apoptotic BCL-2 protein, which 
causes the mitochondrial permeability transition pores to 
open, activation of caspase-9/caspase-3 and discharge of 
cytochrome c—all leading to the death of BCSCs owing to 
grave cytotoxic insult and induction of apoptosis [12].

Moreover, phytochemical compounds in vegetables from 
the Brassicaceae family, more than 350 plant species, such 
as cauliflower, broccoli, and cabbage, have shown docu-
mented potential in reducing the risk of developing cancer, 
including BC [95, 96]. A dietary component of broccoli, 
sulforaphane, has been shown to prevent and induce the 
proliferation and apoptosis, respectively, of BC cells, pos-
sibly via regulating many molecules, such as BCL-2 family 
proteins, p21, cyclins, cyclin-dependent kinases, and cas-
pases [97]. Another study reported that sulforaphane caused 
a driven decrease in the growth of endothelial cells (EC) and 
pericytes by affecting intracellular signaling between ECs 
and pericytes, possibly through blocking of angiogenic fac-
tor, vascular endothelial growth factor (VEGF), in pericytes, 
thereby causing the activation of hypoxia-inducible factor 1 
(HIF-1) and down-regulation of prolyl hydroxylase domain-
containing protein 1 and 2 (PHD1/2) [98]. Sulforaphane also 
down-regulates the Wnt/β-catenin pathway in BC cells, as 
evident by a considerable reduction of 85% and 77% in 
β-catenin and cyclin D1 proteins, respectively, in MCF-7 
cells [41]. It is further suggested that the chemo-preventive 
effects of sulforaphane are mainly achieved via blocking 
effects, possibly through inhibition of phase 1 metabolic 
enzymes that transform procarcinogens to carcinogens and 
mediating phase 2 metabolic enzymes that enable the expul-
sion of carcinogens [99].

Several other dietary compounds that oppose cancer stem 
cell self-renewal include curcumin, quercetin, and epigal-
locatechin-gallate [41]. The blocking of Wnt signaling by 
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polyphenols obtained from the diet, such as piperine, has 
been shown to affect the mammosphere formation and 
decrease the proportion of  ALDH1+ cells [100].

Use of dendritic cell vaccination

Among the widely adopted cancer immune therapy 
approaches, cancer vaccine, adoptive T cell therapy, and 
checkpoint inhibition are currently being practiced to treat 
BC. In this context, specialized antigen-presenting cells 
termed dendritic cells (DCs) originating from the bone mar-
row precursors possess high endocytic activity and low T 
cell activation in immature form, yet on maturation, they 
can sturdily activate T cell via cell–cell contact or by induc-
ing cytokines production [101]. In BC patients, DCs exhibit 
intrinsic abnormalities affecting several vital processes, such 
as the inability to efficiently present tumor antigens to T 
cells, decreased antigen processing, reduced co-stimulator 
expression, decreased interleukin-12 and 9 production, and 
reduced migration [102]. It has been proposed that DC 
vaccination could be a suitable approach to prevent dis-
ease recurrence in BC in combination with radiation and 
chemotherapy. DCs can successfully present BCSC-acquired 
antigens to other WBCs, such as T and B cells, and stimu-
late these WBCs to attack tumor cells or BCSCs and retard 
tumor progression and invasion [91]. Recently, Ni et al. 
developed nanoparticles of cancer cell membranes coated 
with calcium carbonate that produce in situ tumor associate 
antigens (TAAs). They encapsulated low-dose doxorubicin 
hydrochloride (DOX) to activate immunogenic cell death, 
along with chlorins (Ce6), generally used photosensitizer, 
for efficient photodynamic therapy via the production of 
reactive oxygen species (ROS), thereby eliciting TAAs 
population and DC recruitment [103].

Use of oncolytic viruses

Another anticancer approach is viral cancer therapy, where 
oncolytic viruses increase their progeny in cancer cells and 
kill them, possibly through membrane fusion mechanisms or 
attaching to cell surface receptors, without damaging healthy 
cells [104]. The anti-tumor effects have been attributed to 
various means, including selective replication and following 
the lysis of cancer cells, modulation of apoptotic pathways, 
insertion of therapeutic genes into the viral genome, pro-
duction of cytotoxic proteins, sensitization of cancer cells 
toward chemo/radiation therapy and triggering host immune 
responses [105]. Moreover, several different viruses evalu-
ated in clinical trials have confirmed their safety in clinical 
settings, including reovirus, herpes simplex virus, measle 
virus, vesicular stomatitis virus, adenovirus, and vaccinia 
virus [106]. The methods used to administer oncolytic 

viruses include intra-arterial, intraperitoneal, intravenous 
and intratumoral delivery.

A study by Marcato et al. demonstrated that the intra-
tumoral injection of reovirus reduced tumor growth and 
eliminated BCSCs in a BC mouse model of solid tumor 
xenografts [107]. Another report showed that BCSCs, hav-
ing more significant ALDH1 activity, were infected with the 
vaccinia virus, which enhanced cytotoxicity and increased 
virus-mediated lysis of BCSCs [108]. Likewise, in Phase II 
clinical trials, data revealed that reoviruses could alter ras 
signaling in BC, affecting the BCSC population [90]. It is 
pertinent to mention that reovirus does not cause human dis-
ease, yet it destroys explicitly BCSCs. In vivo, experiments 
had shown that after treatment with reoviruses, there was a 
considerable decrease in CD44+/CD24-/low population and 
the tumor mass. Besides, employing in vitro settings, when 
ALDH+BCSCs were infected by reovirus, they activated 
apoptotic pathways that led to cell death [15].

Due to their preference for epithelial tissue, adenoviruses 
may be necessary to target BCSCs. In this context, an engi-
neered adenovirus carrying CD40L has been shown to sig-
nificantly reduce  CD40+ breast cancer cells, while ensuing 
in vivo data showed a marked reduction in MDA-MB-231 
cells in xenograft mice model—probably due to cell cycle 
arrest and apoptosis in virus-infected cells [109]. Arming 
viruses with transgenes that target BCSCs is another area 
of immense interest. In this regard, Zhang et al. reported 
that delivery of recombinant adenovirus having the human 
interferon gene (IFN-con1) significantly regressed tumor 
growth in the human BC xenograft model [110]. Addition-
ally, TNBC 4T1 was treated with an oncolytic vaccinia 
virus containing chemokine receptor 4 (CXCR4) antago-
nist, which inhibited tumor growth with a marked decrease 
in angiogenesis [111]. Similarly, invasive BC cells were 
infected with adenovirus-containing receptors for TGF-type 
II, significantly reducing tumor size [90].

With a plethora of benefits of oncolytic viral therapy 
for BC come the drawbacks as well. The notable disadvan-
tages included potential toxicity to non-targeted cells, lower 
efficacy in serum, and poor epidemiological control. For 
example, pre-treatment with cyclophosphamide completely 
circumvented the immune-moderated viral annihilation and 
increased the effectiveness of the oncolytic cure. However, 
the treatment with cyclophosphamide may result in immune 
suppression—posing considerable challenges to this cancer 
therapy method. Another pivotal factor affecting the efficacy 
is the route of administration. Due to hepatic sequestration, 
virus delivery via intravenous route is not suitable. Besides, 
limited entry of viruses into tumors may present another 
daunting challenge to the delivery systems. Adenoviral 
therapy may cause adverse effects, such as hepatotoxicity 
and systemic toxicity. Consideration must be given to the 
proper epidemiological control while utilizing the viruses 
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for clinical purposes—though attenuated viral strains are 
superior. Thus, oncolytic viral therapy poses a significant 
challenge. Therefore, challenges to both efficacy and safety 
must be addressed [90].

Nanobiotechnological approaches

Most of the approaches mentioned above have specific char-
acteristics that limit their effectiveness in vivo, such as poor 
solubility, instability, undesirable bio-distribution, off-target 
effects, circulation half-life, targeted and adequate delivery, 
and low therapeutic indices [112]. Nano-medicine has recast 
our approach to drug delivery by improving the therapeutic 
agents’ selective targeting of tumor tissue and cells while 
minimizing the toxicity to normal cells [113]. They offer 
BCSCs-specific therapeutics because of their inherent prop-
erties, such as solubility enhancement effects, high drug 
loading capacity, site-specific delivery, controlled release 
mechanisms, and minimal premature drug release [114].

BCSCs targeted therapy

The BCSCs were targeted to deliver the drugs employing 
a variety of nanocarriers such as polymeric nanoparticles, 
metal nanoparticles, polymeric micelles, liposomes, and car-
bon nanotubes with promising results [115]. One profitable 
strategy to overcome the selection bias toward the delivery 
systems for specific cancer cells is to assess the biological 
functionalization of nanocarriers [116]. In this regard, the 
delivery systems linked with specific agents with the ability 
to recognize and bind to definite surface markers of BCSCs 
are summarized in Table 1.

A study by Gener et al. demonstrated the development of 
CD44 functionalized and paclitaxel (PTX) loaded micelles 
that enhanced the internalization of PTX in BCSCs [117]. 
Similarly,  CD44+ cancer cell lines and BCSCs were targeted 
by gemcitabine derivative-loaded multi-functionalized iron 
oxide magnetic nanoparticles that suppressed  CD44+ can-
cer cells [116]. In another attempt, hyaluronic acid (HA)-
based self-assembling nano-systems for siRNA delivery 
were developed to target CD44 receptors, efficiently deliv-
ering siRNA and silencing the gene in drug-resistant CD44 
expressing tumor models [118]. Furthermore, polymeric 
nanoparticles coated with chitosan and loaded with doxoru-
bicin (DTX) have been designed to target the CD44 recep-
tors on breast cancer stem cells (BCSCs). Compared to the 
drug’s effectiveness when administered freely, this targeted 
approach has enhanced the efficacy of eliminating BCSCs 
by nearly sixfold with the loaded DTX [119]. More recently, 
Gaio et al. showed target destruction of CD44 over express-
ing BCSCs by co-delivery of photosensitizer meso-tetra-
phenyl chlorine disulfonate (TPSC2a) and DTX employ-
ing HA-coated polymeric nanoparticles (HA-NPs) [120]. 

Another recent report demonstrated targeting of TNBC via 
CD44 mediated apoptosis by developing nano-micelles, hya-
luronic acid decorated oligomer containing styrene maleic 
anhydride (SMA) and D-α-tocopherol polyethylene glycol 
1000 succinate (TPGS) encapsulated in curcumin analog 
curcumin-difluorinated [121, 122].

In recent years, for BCSCs’ targeted drug delivery, vari-
ous nanocarriers, such as polymeric micelles, nanoparticles, 
liposomes, inorganic nanoparticles, and nanogels, have been 
explored (Table 2). These delivery systems have demon-
strated marked improvements in the stability of drugs and 
empowered the controlled release of higher concentrations 
of the medications to BCSCs and the tumor [112]. The vari-
ous nanocarrier categories introduced and assessed for tar-
geted delivery of multicomponent drug cargos to BCSCs are 
summarized in Table 2. Multiple types of nano-medicines 
employed for drug-targeted distribution to BCSCs are fur-
ther described below under separate sub-headings (Fig. 4).

Liposomes

Liposomes, amphiphilic phospholipid bilayers, are colloi-
dal nanocarriers and can load hydrophilic and lipophilic 
drugs. Moreover, they are considered classical nanocarri-
ers for anti-BCSC treatment due to their impulsive char-
acteristics, which include biocompatibility, ease of surface 
modifications, and prolonged blood circulation time [123]. 
In line with this, daunorubicin plus quinacrine liposomes for 
mitochondrial targeting were developed to prevent disease 
recurrence, possibly due to BCSCs—MCF-7 cancer cells. 
Data suggested that liposomes targeting the mitochondria 
increased the uptake of drugs into mitochondria, initiated 
pro-apoptotic BAX protein, opened permeability transition 
pores, reduced mitochondrial membrane potential, trans-
located cytochrome c, and triggered pro-apoptotic signals, 
caspase 9 and 3, thereby causing apoptosis of MCF-7 can-
cer cells [124]. More recently, Yu et al. tested glucosamine-
labeled liposomes coupled with carboplatin and paclitaxel 
for their therapeutic potential against breast cancer stem 
cells. They showed a remarkable synergistic effect with 
apparent tumor reduction in animal models by directly 
targeting hypoxic niches. Hence, they proved to act as an 
ideal treatment approach for breast cancer [125]. Nguyen 
et al. developed a liposomal nano-complex by functional-
izing folic acid (FA) molecules on liposomes encapsulat-
ing both DOX and gold nanorods to have the combination 
of chemo and photothermal therapy that markedly reduced 
the growth of tumor in vivo in breast tumor-bearing mouse 
model [126]. Another study claimed that the cytotoxic activ-
ity of folate-targeted liposomal bleomycin (FL-BLM) was 
meaningfully higher than free folate BLM and only BLM in 
MCF-7 cells [127]. Likewise, anacardic acid-functionalized 
liposomes (DTX-AA-PEG-liposomes) loaded with DTX 
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have selective distribution; higher uptake by cells showed 
apoptosis of MCF-7 cells and reduced toxicity compared to 
free DTX [128]. Recently, cell membranes of red blood cells 
from rabbits combined with self-assembling AS1411 DNA 
aptamer were employed to prepare α-Gal liposomes. These 
surface functionalized α-Gal liposomes can recognize anti-
Gal antibodies and nucleolin expressed by cancer cells to 
activate immune system attack. This resulted in the lysis of 
tumor cells, MCF-7, by AS1411 modified α-Gal liposomes 
[129]. A report by Kim et al. showed that cross-linked multi-
lamellar liposome vesicles (cMLVs) co-delivered salinomy-
cin and DOX targeting BCSCs—which resulted in improved 
suppression of BCSCs in vitro and in vivo (Fig. 4) [130]. 
Besides, using cationic lipid-conjugated estrogenic deriva-
tive (ESC8) in combination with dexamethasone (dex) asso-
ciated liposomes, named DXE liposome. Conjugated deliv-
ery of Genudin and P-glycoprotein in the form of liposome 
nanoparticles showed promising therapeutic effects against 
BCSCs in terms of enhanced anti-proliferative ability, and 
regulation of genes associated with BCSC survival, includ-
ing p53, Cyclin D, ABCB1 and Bax [131]. The neuropilin-1 
(NRP-1) gene-targeted shRNA was co-delivered with DEX 
and DEX-NRP-1 for enhanced tumor regressing effects. In 
a mouse-bearing ANV-1 xenograft model, DXE-NRP-1 sig-
nificantly reduced tumor volume compared to DXE-control 
(Fig. 4) [132].

Polymeric micelles

These colloidal particles have both hydrophobic and hydro-
philic components—providing a platform to improve the 
target efficiency of several medications (Fig. 4). Polymeric 
micelles are considered popular drug carriers in anticancer 
treatment due to their size, circulation time, and uniformity 
[123].

A study by Zhang et al. developed PEG-b-PCL, octreo-
tide modified, polymeric micelles loaded with PTX (Oct-
M-PTX) and with SAL (Oct-M-SAL) employing thin film 
hydration method to target BC cells overexpressing soma-
tostatin receptors specifically. They showed that Oct-M-
PTX showed potent inhibition against MCF-7 cells com-
pared to M-PTX but demonstrated synergistic effects in 
combination with M-SAL—similar synergism observed 
in the in vivo settings [133]. Furthermore, both DOX and 
thioridazine (THZ) were loaded into micelle, collected 
from a blend of acid-functionalized poly(carbonate) 
poly(ethylene glycol) di-block co-polymer (PEG-PUC) 
having inhibitory solid effects on sorted side population 
CSCs obtained from MCF-7 and BT-474 cancer cells, and 
on BT-474 xenograft mouse model (Fig. 4) [134]. Another 
study reported the synthesis of anti-CD44 functionalized 
PLGA-co-PEG polymeric micelles loaded with PTX 
against breast cancer cell lines with increased sensitivity PE

G
 P

ol
ye

th
yl

en
e 

gl
yc

ol
, P

LA
 P

ol
yl

ac
tic

 a
ci

d,
 P

LG
A 

Po
ly

 la
ct

ic
-c

o-
gl

yc
ol

ic
 a

ci
d,

 T
G

PS
 d

-α
-to

co
ph

er
ol

 p
ol

ye
th

yl
en

e 
gl

yc
ol

 s
uc

ci
na

te
, F

A 
Fo

lic
 a

ci
d,

 P
C

L 
Po

ly
ca

pr
ol

ac
to

ne
, E

SC
8 

Es
tro

ge
ni

c 
de

riv
at

iv
e,

 N
RP

-1
 N

eu
ro

pi
lli

n-
1,

 A
A 

A
ra

ch
id

on
ic

 a
ci

d,
 D

TX
 D

oc
et

ax
el

N
.B

. o
nl

y 
stu

di
es

 p
ub

lis
he

d 
in

 2
01

5 
an

d 
on

w
ar

ds
 w

er
e 

in
cl

ud
ed

 in
 th

e 
ta

bl
e

Ta
bl

e 
2 

 (c
on

tin
ue

d)

A
ut

ho
r (

ye
ar

)
D

el
iv

er
y 

sy
ste

m
s

Th
er

ap
eu

tic
 a

ge
nt

s
Ta

rg
et

in
g 

m
oi

et
ie

s
Th

er
ap

eu
tic

 e
ffe

ct
s

A
hm

ad
 e

t a
l.,

 [1
32

]
Li

po
so

m
es

D
ex

am
et

ha
so

ne
/E

SC
8/

N
R

P-
1 

sh
R

N
A

-
en

co
de

d 
pl

as
m

id
C

o-
de

liv
er

y 
of

 d
ru

gs
 a

nd
 sh

R
N

A
-e

nc
od

ed
 

pl
as

m
id

G
uo

 e
t a

l.,
 [1

58
]

N
an

og
el

s
C

hi
to

sa
n 

an
d 

10
-h

yd
ro

xy
-c

am
pt

ot
he

ci
n

C
S/

H
C

PT
 d

em
on

str
at

ed
 e

nh
an

ce
d 

cy
to

to
xi

c-
ity

 a
nd

 a
po

pt
os

is
 c

om
pa

re
d 

to
 fr

ee
 H

C
PT

G
on

g 
et

 a
l.,

 [1
61

]
N

an
o-

m
ic

el
le

s
Fi

br
on

ec
tin

, d
ox

or
ub

ic
in

, a
nd

 v
in

or
el

bi
ne

C
R

EK
A

 p
ep

tid
e

eff
ec

tiv
el

y 
de

liv
er

ed
 th

e 
dr

ug
s t

o 
4T

1 
B

C
 

ce
lls

 a
nd

 d
is

ru
pt

ed
 m

ic
ro

tu
bu

le
s, 

90
%

 
re

du
ce

d 
in

va
si

on
 o

f m
et

as
ta

si
s

K
us

hw
ah

 e
t a

l.,
 [1

28
]

Li
po

so
m

es
D

TX
-A

A
-P

EG
A

ra
ch

id
on

ic
 a

ci
d

In
cr

ea
se

d 
ce

llu
la

r u
pt

ak
e,

 a
po

pt
os

is
 o

f 
M

C
F-

7 
B

C
 c

el
ls

, a
nd

 re
du

ce
d 

to
xi

ci
ty

H
on

g 
et

 a
l.,

 [1
29

]
Li

po
so

m
es

α-
G

al
 li

po
so

m
es

A
S1

44
1 

ap
ta

m
er

Re
co

gn
iz

es
 a

nt
i-g

al
 a

nt
ib

od
ie

s a
nd

 n
uc

le
-

ol
in

-e
xp

re
ss

ed
 c

an
ce

r c
el

ls
 a

ct
iv

at
in

g 
th

e 
im

m
un

e 
at

ta
ck



Medical Oncology (2024) 41:112 Page 17 of 25 112

of PTX toward cancer cells [117]. Polymeric micelles were 
developed for drug-resistant recurrent breast tumors by 
loading epirubicin (Epi) and staurosporine (STS) to treat 
recurrent breast tumors. Data suggested that Epi/STS-
loaded micelles showed potent anticancer effects against 
both naïve orthotopic and recurrent Epi-resistant tumors 
(Fig.  4) [135]. More recently, Xiang and co-workers 
developed a PTX-binding polymeric micelle with a core 
having thiourea group attached to PTX from poly (ethyl-
ene glycol)-block-dendritic polylysine that demonstrated 
improved tumor uptake and proficient in vivo therapeu-
tic effects in both subcutaneous and orthotropic human 
BC xenografts [136]. Likewise, another recent study 
investigated the nano-encapsulation of curcumin (CUR) 
within polymeric micelle of pristine and glucosylated 
poly(ethylene-oxide)-poly(propylene-oxide) co-block pol-
ymers and their targeted in vitro and in vivo effects in BC 
model. CUR encapsulation increased intracellular accumu-
lation and cytotoxicity in 4T1 cells compared to free drugs 
and intratumoral accumulation in 4T1 implanted BALB/c 
mice representing stage IV human BC animal model [137].

Nanoparticles

Nanoparticles (NPs) have tremendous potential to deliver 
drugs at the target site and are widely used for the treatment 
of cancer (Fig. 4). NPs confer several advantages, such as 
good stability, high encapsulation, and the ability to encap-
sulate both hydrophobic and hydrophilic drugs [138]. None-
theless, some likely risks are associated with their use, such 
as easy access to membranes and body parts, which may 
interact with cells unfavorably and cause intrinsic toxicity 
(Table 2) [138].

To induce BCSC differentiation, Sun and co-workers 
synthesized PEG-b-PLA nanoparticles by encapsulating all-
trans-retinoic acid (ATRA) and DOX for co-delivery, which 
resulted in reduced tumor initiation ability with increased 
sensitivity to DOX both in vitro and in vivo in reducing 
tumor growth compared to  NPDOX and  NPATRA  (Fig. 4) 
[139]. Moreover, PTX encapsulated in nanostructured lipid 
carriers (75 nm) demonstrated significant anticancer activ-
ity against MDA-MB-231 and MCF-7 cells [140]. Besides, 
the co-encapsulation method has been used to deliver 

Fig. 4  Nanobiotechnological Approaches used to target Breast Cancer Stem Cells—various Nanocarriers, liposomes, nanogels, nanoparticles 
and nano-micelles based therapeutics targets for BCSCs
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quercetin and vincristine in a PEGylated liposome to treat 
trastuzumab and hormone-sensitive BC. Data demonstrated 
that co-encapsulation enhanced synergism, controlled drug 
release, and protracted drug circulation in plasma, lead-
ing to effective growth inhibition of JMIT-1 cells [141]. In 
another study, employing in vitro settings, co-delivery of 
siRNA, both siHIF1 (hypoxia-inducible factor) and siVEGF 
(vascular endothelial growth factors), was achieved using 
chitosan-coated liposomal NPs (LNPs), which significantly 
reduced the proliferation of MDA-MB-435 and MCF-7 BC 
cells (Fig. 4) [142]. Li et al. reported that treatment of MDA-
MB-231 cells with nanoparticles loaded with low-dose 
decitabine (DAC) in combination with DOX-NPs reduced 
the proportion of BCSCs [143]. In another approach, Jin 
et  al. synthesized cyclic arginine-glycine-aspartic acid 
peptide-decorated polymeric NPs with photosensitizer 
(2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylenevinylene) 
with minimal cytotoxic potential but could preferentially 
destroy MDA-MB-231 cells expressing αvβ3 integrin—a 
subtype of TNBC cells [144]. In another study on TNBC, 
bortezomib encapsulated nanoparticles (NPBTZ) efficiently 
deliver the drug to BCSCs, affecting their stemness (Fig. 4) 
[145]. Nanoparticle-induced autophagy using a combination 
of chloroquine, DOX, and docetaxel (DTXL) resulted in per-
sistent and effective control of tumor growth by eliminating 
BCSCs in the orthotropic tumor murine model [146].

More lately, co-encapsulation of salinomycin (SAL) 
and DOX in PLGA/TGPS (tocopherol polyethylene glycol 
1000 succinate) nanoparticles, 1:1 molar ratio, showed syn-
ergistic effects against MCF-7 and MCF-MS breast cancer 
cells with prolong circulation time and in vivo synergism 
over 24 h [147]. Another study reported PTX-loaded iron 
oxide (PTX-FA-NP) NPs for targeted breast cancer therapy. 
PTX-FA-NP demonstrated uniform size distribution and 
high drug loading capacity, while FA conjugation leads to 
higher drug uptake by cancer cells—enhanced cytotoxicity 
compared to free PTX [148]. Likewise, dual-loaded, DTX 
and vorinostat (VRS) lipid polymer hybrid nanoparticles 
were developed for co-delivery, which resulted in a syner-
gistic effect on cancer cell apoptosis with a more significant 
reduction in MDA-MB-231 and MCF-7 cancer cells [149]. 
In a combination approach, noscapine-loaded PLGA-NPs 
were used with DOX HCl to assess their anticancer activ-
ity alone or in combination in 4T1 cells and mice models. 
Data suggested that Nos-NPs in combination with DOX 
synergistically inhibited 4T1 cancer cells and tumor pro-
gression in vitro and in vivo, respectively, more efficiently 
than Nos-NPs and DOX alone [150]. Lately, combination 
nano-therapy was employed using a hybrid nanoparticle-
based co-delivery platform combining PTX and verte-
porfin (VP-NP) to target TNBC patient-derived xenograft 
tumors and CSCs. Data revealed accumulation of VP-NPs in 
tumors and retarded tumor growth in TNBC patient-derived 

xenografts—attributed to inhibition of NF-κB, Wnt, and 
YAP pathways known to have a crucial role in cancer 
growth, CSC development, and tumorigenesis [151]. Using 
lovastatin (L) loaded Janus camptothecin-floxuridine con-
jugate (CF) nano-capsules (NCs), LCF-NCs, innovative 
ternary cocktail chemotherapy was used to suppress tumor 
growth of TNBCs by inhibiting the growth and metastasis of 
BCSCs, in vitro, and in tumor-bearing mice, in vivo [152]. 
In the CSCs targeted approach, salinomycin prodrug NPs 
possessing vitamin E-based redox sensitivity and hyaluronic 
acid-coated TS-NPs (HTS-NPs) were synthesized to deliver 
PTX for CSCs targeted combination therapy. In 3D tumor 
spheroids culture, both TS and HTS NPs demonstrated syn-
ergistic anticancer effects with PTX, attributed to improved 
intracellular drug delivery [153]. Zinc sulfide nanoparticles 
have been shown to inhibit the metastasis of MCF-7 stem 
cells in a dose-dependent manner by inhibiting the epithe-
lial-mesenchymal transition process [154]. More recently, a 
study evaluated the therapeutic potential of Quinacrine-gold 
hybrid nanoparticles against patient-derived BCSCs and in 
xenograft animal models. The use of targeted nanoparticles 
in conjunction with radiation therapy has effectively reduced 
angiogenesis in the tumor microenvironment, leading to 
reduced tumor growth and metastasis [155]. Another study 
utilized a novel nano-approach based on siProminin2-loaded 
iron oxide hydroxide nanoparticles coated with hyaluronic 
acid to induce ferroptosis in targeted BCSCs. These pH-
sensitive nanoparticles specifically inhibited tumor growth 
in an acidic tumor microenvironment through significant 
down-regulation of GPX4, thus acting as potential candi-
dates for targeting BCSCs [156].

Nanogels

Nanogels, one of the systemic drug delivery carriers, are 
hydrogels with three-dimensional (3D) adjustable porous 
structures with a particle size range between 20 and 250 nm 
(Table 2). Numerous studies have investigated the applica-
tion of nanogels in the treatment of breast cancer, leverag-
ing their capabilities. Due to the higher affinity of BC cells 
toward hyaluronic acid (HA), investigators have developed 
cholesteryl-hyaluronic acid (CHA) nanogel-drug conjugates, 
especially for drug-resistant and CD44-expressing BCSCs 
(Fig. 4). These nanogels tend to internalize via endocytosis 
mediated through CD44 receptors. They can interact with 
the cancer cell membrane, possibly owing to function-
alization with HA coating and increased uptake of salino-
mycin (SLM) nanoparticles, 1.5 folds, by the cells [112]. 
Moreover, curcumin-loaded gum arabic aldehyde gelatin 
(GA Ald-Gel) nanogels were synthesized having enhanced 
cellular uptake, drug release, and improved cytotoxicity in 
MCF-7 breast cancer cells compared to bare curcumin [157]. 
Likewise, chitosan-based nanogels were made by loading 
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10-hydroxy-camptothecin (HCPT) to form CS/HCPT. After 
48 h of exposure to 4T1 breast cancer cells, CS/HCPT dem-
onstrated enhanced cytotoxicity and apoptosis compared to 
free HCPT, attributed to enhanced drug internalization and 
release (Fig. 4) [158].

Nano‑micelles

Nano-micelles, colloidal constructs, are composed of amphi-
philic nanomers having small hydrophobic heads and long 
hydrophilic tails (Table 2). The BCSCs expressed higher lev-
els of vasoactive intestinal peptide (VIP) receptors than most 
cancer cells, making VIP a potentially active target. A stabi-
lized novel curcumin phospholipid nano-micelles (C-SSM) 
surface conjugated with VIP was successfully delivered to 
retard the growth of BCSCs by tumor-spheres formation 
assay (Fig. 4) [159]. To treat the resistant BC, PTX hybrid 
nano-micelles were prepared using dequalinium (DQA) 
and polymer soluplus d-α-tocopheryl polyethylene glycol 
1000 succinate (TGPS1000). The formed nano-micelles had 
improved cellular uptake and co-localization with mitochon-
dria, which resulted in the induction of pro-apoptotic pro-
teins cytochrome C, BAX, and apoptotic enzymes caspase9 
and 3, along with the blocking of anti-apoptotic proteins 
BCL2 and MCL-1 [160]. In another approach, C-DVM 
(CREKA, doxorubicin, vinorelbine micelles) dual-acting 
nano-micelles were developed having high stability, func-
tionalized with fibronectin targeting CREKA peptide encap-
sulating vinorelbine (NVB) and DOX, which effectively 
delivered the drugs to 4T1 BC cells and disrupted microtu-
bules, ultimately inhibiting the development of metastatic 
foci, 90%, with reduced invasion of metastasis (Fig. 4) [161].

Exosomes

The exosomes, nanovesicles of approximately 30–100 nm in 
diameter, secreted by all viable cells involving endosomal 
pathways, are known to play a pivotal role in cell-to-cell 
communications. Exosomes can be exploited as RNA car-
riers, as evidenced by the proficient delivery of microRNA 
(miRNA) to epidermal growth factor receptor (EGFR)-
expressing breast cancer cells. A recent experimental study 
proved that MDA-MB-231 triple-negative breast cancer cell 
lines, when treated with exosomes loaded with a non-coding 
RNA (7SK), significantly decreased cellular proliferation, 
invasion, and migration. Efficient reduction in the expres-
sion of EMT-related markers, reduced tumor formation, 
and increased apoptotic activity was observed [162]. Being 
natural carriers of miRNA, having acceptable toxicity and 
biocompatibility profiles support their application in drug 
delivery systems [163]. In this context, IL-4 triggered mac-
rophages, and BC cells were co-cultured, which resulted 
in the release of IL-4 specific miRNA, miRNA223, by the 

exosomes via activated macrophages in co-cultivated MDA-
MB-231 and SKBR3 cells. After treating IL-4-triggered 
macrophages with miRNA 223 anti-sense oligonucleotide, 
the invasiveness of the co-cultured BC cells decreased sig-
nificantly [164].

Immunotherapy

Immune therapy was first utilized in lung cancer and mela-
noma, particularly the checkpoint inhibitors. Early immune 
therapy studies in BC were not promising, suggesting that 
BC is not highly immunogenic [165]. A recent in vitro 
(MD231 cell lines), in vivo (mouse models), and ex vivo 
(patient-specific organoids) experimental study access-
ing the potential of immunotherapy against triple-negative 
breast cancer was conducted. It demonstrated the efficient 
role of Mesothelin-targeted CAR-natural killer cells in vis-
ibly reducing tumor growth by directly targeting and kill-
ing TNBC cells, acting as a promising therapeutic approach 
for treating breast cancer [166]. However, in the early trial, 
1b KEYNOTE-012, the checkpoint inhibitor, pembroli-
zumab monotherapy, was evaluated in metastatic TNBC. 
Data revealed an 18.5% overall response rate in 27 patients, 
though it was not very promising [167]. In the phase I clini-
cal trial on advanced metastatic BC patients, refractory to 
standard care therapy received avelumab, which resulted 
in an overall response rate of 3% and 5.2% in patients 
with TNBC [168]. In a phase 3 trial, compared to placebo 
in patients with untreated metastatic TNBC, the overall 
median survival improved in patients with PD-L1 positive 
tumors—the median overall survival was 25.5 months versus 
15.5 months [169]. Furthermore, a phase II KEYNOTE-086 
study assessed second-line agents in metastatic TNBC, i.e., 
pembrolizumab. Data revealed that in TNBC patients, the 
median progression-free survival (PFS) and overall survival 
(OS) were 2 and 9 months, respectively, with manageable 
side effect profiles [170]. In another trial, four cycles of pem-
brolizumab every three weeks were added to neo-adjuvant 
therapy, carboplatin, and paclitaxel, or placebo every three 
weeks plus carboplatin and paclitaxel. The groups received 
four additional cycles of placebo or pembrolizumab and 
epirubicin-cyclophosphamide or doxorubicin-cyclophospha-
mide. After a median follow-up of 15.5 months, compared 
to the placebo-chemotherapy group (11.8%), only 7.4% of 
patients in pembrolizumab had disease progression [171].

Gene therapy

Aberrant gene expression is a hallmark of many cancers, 
including BC. In this context, Lang et al. used gene therapy 
to induce apoptosis of BCSCs, which not only improved 
the effects of chemotherapy but also reduced the chances of 
relapse. The mutant form of the proapoptotic gene BIK was 



 Medical Oncology (2024) 41:112112 Page 20 of 25

introduced in BCSCs, resulting in the reduction of BCSCs 
population by blocking the activity of MCL-1, BCL-2, BCL-
xL, a family of proteins vital for tumor growth and therapy 
resistance [172]. More recently, TRAIL expressing plasmid 
along with siRNAs, silencing BCL-2 like 12 (BCL2L12) 
or superoxide dismutase 1 (SOD1), co-delivered using 
low molecular weight poly-ethylenimine (PEI) resulted 
in significant cell death in different BC cells and retarded 
the genesis of tumor in BC xenograft mice model [173]. 
Likewise, in another approach, CRISPR mediated activation 
of tumor suppressor genes, cysteine-rich 61/connective tis-
sue growth factor/nephroblastoma overexpressed 6 (CCN6, 
WISP3) and mammary serine protease inhibitor (MASPIN/
SERPINB5) were observed in a mouse model of BC. Data 
suggested that in vitro activation of tumor suppressor genes 
caused loss of tumorigenic properties in BC cells and 
reduced tumor growth in MCF-7 xenograft in BALB/c mice 
[174]. Recently, in efforts to target breast cancer stem cells 
(BCSCs), various approaches have been explored, including 
the utilization of constructs such as Pseudomonas exotoxin, 
CXCR1, which provides specificity for BCSCs, and 5ʹ UTR 
of the essential fibroblast growth factor (bFGF), which offers 
specificity at the translational level. BC cell lines were trans-
fected with the constructs encoding luciferase PE38 under 
CMV/CXCR1 promoter, with or without bFGF 5ʹ UTR. This 
strategy enhanced BCSC specificity, resulting in cell death 
in tumorigenic cell lines while sparing normal cells. [175]. 
Similarly, the polio-like kinase 1 gene was targeted using 
siRNA that efficiently killed BCSCs obtained from MDA-
MB-123 cells—probably by inhibiting the TGF-β signalling 
pathway [176].

Recent approvals by the federal drug agency (FDA)

Here, we report the most recently approved drugs by the 
Federal Drug Agency (FDA), USA, in 2019 and 2020 for 
the prevention and treatment of BC. In 2019, the FDA 
approved only two drugs: Alpelisib (Piqray) and fam-
trastuzumab-deruxtecan-nxki (Enhertu). Alpelisib was 
approved on May 24, 2019, marketed by Novartis, to 
treat HER2-positive metastatic BC patients and those 
having a mutant form of the PIK3CA gene, while Fam-
trastuzumab-deruxtecan-nxki, HER2-directed antibody, 
and topoisomerase conjugate, was approved on Decem-
ber 20, 2019, and marketed by Daiichi Sankyo, Japan, 
for the treatment of unresectable, HER2 positive BC 
patients with prior anti-HER2 therapy in metastatic set-
tings [177]. In 2020, the FDA approved only three drugs 
for the prevention and treatment of breast cancer. These 
include Tucatinib (Tukysa) by Seattle Genetics, USA, 
Sacituzumab-govitecan-hziy (Trodelvy) by Immunomed-
ics, USA, and Fluoroestradiol-F18 by Zionexa US Cor-
poration, USA. Tucatinib, approved on April 17, 2020, 

acts as an anti-HER2 agent and inhibits MAPK and AKT 
signaling for the treatment of HER2-positive breast cancer 
patients. Sacituzumab-govitecan-hziy targets trophoblast 
cell surface antigen-2 and is a topoisomerase inhibitor 
drug conjugate approved for pretreated TNBC patients. 
Fluoroestradiol-F18 is an imaging agent used in positron 
emission tomography (PET) to detect estrogen-positive 
breast cancer patients [178].

Conclusion

Increasingly yet impressive, shreds of evidence indicate that 
tumor-initiating cells have the self-renewal capacity differen-
tiating potential that may confer tumor relapse, metastasis, 
heterogeneity, and drug resistance. The literature evidence 
here distinctly advocates significant advancements in iden-
tifying, isolating, and characterizing BCSCs. All the pre-
sented targets of BCSCs, ranging from tumor cell surface 
receptors, ABC transporters, signaling pathways, nano-med-
icine approaches, microenvironment, immunotherapy, and 
gene therapy, might offer reasonable benefits to the patients 
by targeting the BCSCs population. However, we deduced 
from the literature that, in most cases, combination therapy 
approaches could provide an edge over monotherapy by 
overcoming the selection pressure of BCSC-resistant clones, 
which came into existence as a result of certain monother-
apy. Nevertheless, therapy must give broad coverage to tar-
get not only BCSCs but also the non-stem-like cells owing 
to the plasticity of BCSCs to target differentiated progenitors 
and tumors in bulk. However, the field is still in its infancy 
and requires extensive research to produce viable products. 
Significant challenges include drug selectivity and efficacy, 
reduced toxicity to normal cells, reduction in adverse drug 
reactions, and delivery of concentrated drugs at the target 
site.
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