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Abstract
Breast cancer remains the most frequently diagnosed cancer globally, exerting a profound impact on women’s 
health and healthcare systems. Central to its pathogenesis and therapeutic resistance are breast cancer stem cells 
(BCSCs), which possess unique properties such as self-renewal, differentiation, and resistance to conventional 
therapies, contributing to tumor initiation, metastasis, and recurrence. This comprehensive review elucidates the 
pivotal role of the mechanistic target of rapamycin (mTOR) pathway in regulating BCSCs and its implications 
for breast cancer progression and treatment resistance. We explore the cellular mechanisms by which mTOR 
influences metastasis, metabolism, autophagy, and ferroptosis in BCSCs, highlighting its contribution to epithelial-
to-mesenchymal transition (EMT), metabolic reprogramming, and survival under therapeutic stress. On a molecular 
level, mTOR interacts with key signaling pathways including PI3K/Akt, Notch, IGF-1R, AMPK, and TGF-β, as well as 
regulatory proteins and non-coding RNAs, orchestrating a complex network that sustains BCSC properties and 
mediates chemoresistance and radioresistance. The review further examines various therapeutic strategies targeting 
the mTOR pathway in BCSCs, encompassing selective PI3K/Akt/mTOR inhibitors, monoclonal antibodies, natural 
products, and innovative approaches such as nanoparticle-mediated drug delivery. Clinical trials investigating 
mTOR inhibitors like sirolimus and combination therapies with agents such as everolimus and trastuzumab are 
discussed, underscoring their potential in eradicating BCSCs and improving patient outcomes. Additionally, 
natural compounds and repurposed drugs offer promising adjunctive therapies by modulating mTOR activity and 
targeting BCSC-specific vulnerabilities. In conclusion, targeting the mTOR pathway presents a viable and promising 
avenue for enhancing breast cancer treatment efficacy by effectively eliminating BCSCs, reducing tumor recurrence, 
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Introduction
In 2022, breast cancer ranked as the second most fre-
quently diagnosed cancer globally, with approximately 
2.3 million new cases (11.6% of all cancers) and 666,000 
deaths (6.9% of all cancer-related fatalities). It was the 
most prevalent cancer among women, representing 
nearly one-quarter of all female cancer diagnoses and 
one-sixth of cancer deaths in women worldwide [1]. Vari-
ous factors, including reproductive and hormonal behav-
iors, lifestyle choices, and access to early detection and 
treatment services, contribute to the multifaceted nature 
of breast cancer burden [2]. Breast cancer is a highly het-
erogeneous disease categorized into distinct molecular 
subtypes: Luminal A, Luminal B, HER-2 positive, and 
triple-negative breast cancer (TNBC). These subtypes 
differ significantly in their molecular profiles, clinical 
outcomes, and therapeutic responses. Luminal subtypes, 
characterized by estrogen receptor (ER) positivity, gener-
ally respond well to antiestrogen therapies, while HER-2 
positive breast cancer is driven by HER-2 gene amplifica-
tion and responds to targeted therapies like trastuzumab 
[3, 4]. In contrast, TNBC lacks ER, progesterone receptor 
(PR), and HER-2 expression, exhibits a high frequency of 
BRCA1/2 mutations, and is highly aggressive and resis-
tant to standard treatments [5]. Within this framework, 
breast cancer stem cells (BCSCs), a subpopulation with 
self-renewal and tumor-initiating capabilities, contribute 
to tumor heterogeneity, progression, and therapy resis-
tance. The prevalence and behavior of BCSCs vary among 
subtypes, with TNBC harboring the highest propor-
tion, including mesenchymal CD44+/CD24−/low cells, 
while luminal subtypes have fewer BCSCs, often linked 
to endocrine resistance [6]. BCSCs play a critical role in 
the treatment of breast cancer due to their unique prop-
erties and implications for disease progression. Unlike 
other cancer cells, BCSCs exhibit stem-like characteris-
tics, including self-renewal and differentiation abilities, 
as well as resistance to conventional therapies. This resis-
tance contributes to tumor recurrence, metastasis, and 
therapeutic failure. Understanding the origin and het-
erogeneity of BCSCs is essential for developing targeted 
therapies that specifically eradicate these resistant cells. 
Targeting BCSCs holds promise for improving treatment 
outcomes by preventing recurrence and metastasis, ulti-
mately enhancing patient survival rates. Additionally, 
BCSC-directed therapies may provide opportunities for 
personalized cancer management, offering new avenues 

for more effective and tailored treatment approaches in 
breast cancer patients [7]. mTOR (mechanistic target of 
rapamycin) is a serine/threonine kinase that plays a cru-
cial role in regulating various cellular processes, including 
protein synthesis, cell growth, metabolism, and autoph-
agy. It exists in two distinct complexes: mTORC1 and 
mTORC2. mTOR signaling is frequently dysregulated in 
cancer, including breast cancer, leading to increased cell 
proliferation, survival, and tumor progression. In breast 
cancer therapy, mTOR inhibition has emerged as a signif-
icant strategy due to its role in promoting tumor growth. 
Drugs like rapamycin and its analogs (rapalogues) have 
been developed to target mTOR, particularly mTORC1, 
thereby slowing tumor growth and limiting cancer 
spread. Additionally, research into alternative inhibitors 
targeting mTOR via different mechanisms, such as ATP-
competitive inhibitors and pan-PI3K inhibitors, offers 
potential avenues for more effective breast cancer treat-
ments by circumventing the limitations associated with 
rapalogues and addressing resistance mechanisms. Thus, 
understanding and targeting mTOR signaling pathways 
hold promise for improving breast cancer therapy out-
comes [8]. Activation of the mTOR pathway is pivotal 
for the functioning CSCs, as it fosters their self-renewal, 
maintenance, and tumorigenic capabilities. CSCs exhibit 
heightened mTOR activity, which enhances their resil-
ience to standard cancer treatments and promotes their 
survival within the tumor environment. Moreover, 
mTOR activation in CSCs triggers epithelial-to-mesen-
chymal transition (EMT), a process linked to increased 
aggressiveness and metastasis. Targeting mTOR signaling 
in CSCs is a promising therapeutic avenue, as it disrupts 
their function, sensitizes them to conventional thera-
pies, and impedes tumor progression and spread. Thus, 
comprehending the significance of mTOR activation 
in CSCs offers valuable insights for developing innova-
tive treatments to combat therapy-resistant cancers and 
enhance patient prognosis [9]. In this review, our objec-
tive is to unravel the significance of the mTOR pathway in 
BCSCs for the initial time, offering an understanding of 
its molecular connections and its potential as a targeted 
approach for therapy.

Cellular mechanisms of mTOR in BCSCs
mTOR is a key regulator of cellular functions, orchestrat-
ing processes such as cell growth, proliferation, metabo-
lism, survival, and differentiation. It senses nutrient 

and improving overall patient survival. Continued research and clinical validation of mTOR-targeted therapies are 
essential to translate these insights into effective clinical interventions, ultimately advancing personalized cancer 
management and therapeutic outcomes for breast cancer patients.
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availability, growth factors, and cellular stress to modu-
late pathways involved in protein synthesis, energy 
metabolism, autophagy, and immune responses. Activa-
tion of mTOR promotes cell growth and survival by stim-
ulating protein synthesis and inhibiting apoptosis, while 
its inhibition induces autophagy and cell death under 
stress conditions. Additionally, mTOR influences cell fate 
decisions during development and regulates immune cell 
function (Fig. 1) [10, 11].

Metastasis
BCSC are central to metastasis owing to their capacity 
for self-renewal, evasion of apoptosis, and adaptability to 
diverse microenvironments. They drive the initiation and 
maintenance of metastatic lesions by infiltrating tissues, 
surviving in the bloodstream, and establishing colonies 
in distant organs. Their resilience against standard thera-
pies accelerates disease progression, positioning them as 
essential targets for advanced cancer treatment strategies 
[12]. The role of mTOR in metastasis is multifaceted and 
pivotal in various stages of the metastatic cascade. mTOR 

signaling is intricately involved in promoting EMT, a key 
process enabling cancer cells to acquire migratory and 
invasive properties essential for metastasis initiation. 
Through its downstream effectors, mTOR influences 
cytoskeletal rearrangement, cell motility, and invasion by 
modulating pathways such as RhoA and Rac1 [13]. Addi-
tionally, mTOR activation upregulates EMT transcription 
factors such as Snail, ZEB, and Twist, which suppress 
E-cadherin and promote mesenchymal traits, enhancing 
tumor cell invasiveness. mTOR also increases the activity 
of MMP-2 and MMP-9, facilitating extracellular matrix 
degradation and tumor dissemination. Through cytoskel-
etal reorganization, mTOR supports cell migration and 
colonization at distant sites [14]. High collagen density 
in the tumor microenvironment significantly impacts 
the behavior of ERα+ (luminal B) mammary carcinomas. 
This density fosters increases activity of the mTOR sig-
naling pathway, which in turn enhances the presence of 
CSCs within the tumors. These CSCs are associated with 
aggressive tumor behavior and therapeutic resistance. 
Moreover, the dense collagen environment promotes 

Fig. 1  Cellular Mechanisms of mTOR in BCSCs: This schematic illustrates the multifaceted roles of mTOR in regulating cellular functions in BCSCs, with 
implications in metastasis, metabolism, autophagy, and ferroptosis. The mTOR pathway integrates signals from nutrients, growth factors, and cellular 
energy levels, modulating various downstream pathways to influence cell fate. Key mechanisms are highlighted: Ferroptosis Inhibition: mTOR interacts 
with mitochondrial VDAC1, modulating ferroptosis pathways critical for cell survival under oxidative stress. Cytoskeletal Rearrangement, Cell Motility, and 
Invasion: Through the activation of Rac1 and RhoA, mTOR supports cytoskeletal changes essential for metastatic progression by promoting epithelial-
mesenchymal transition (EMT) in BCSCs. Radioresistance and the Warburg Effect: mTOR’s role in metabolic reprogramming enhances glycolysis (Warburg 
effect), supporting cancer cell survival and resistance to radiation therapy, with implications for targeting BCSCs in therapy-resistant breast cancer. Au-
tophagy Inhibition: mTOR directly inhibits ULK1 to suppress autophagy, a process that, if activated, would degrade cellular components under nutrient-
deprived conditions. Regulatory factors, including AMPK, Akt, SOX9, and EVI1, further modulate mTOR activity, enhancing BCSC survival, self-renewal, and 
metastatic potential. This network highlights mTOR as a therapeutic target, especially given its role in CSC resilience and therapeutic resistance. Targeting 
mTOR, along with auxiliary pathways like VDAC1 and HDAC6, may offer novel strategies to overcome resistance in breast cancer therapy
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mTOR-independent pathways, such as those involving 
Yes-associated protein (YAP), further contributing to 
CSC activity. Consequently, tumors in this microenvi-
ronment exhibit heightened aggressiveness and meta-
static potential. Despite the efficacy of mTOR inhibitors 
in reducing primary tumor growth and CSC activity, 
lung metastasis remain resistant to treatment, indicat-
ing distinct mechanisms driving metastasis compared 
to primary tumor growth in ERα + mammary carcino-
mas exposed to high collagen density [15]. Stem cell-
like transcriptional reprogramming emerges as a pivotal 
mediator of metastatic resistance to mTOR inhibition 
in breast cancer. Dysregulated mTOR signaling drives a 
transcriptional program associated with stem cell-like 
properties and metastasis promotion. The proto-onco-
gene EVI1 plays a central role in this process, cooperat-
ing with SOX9 to sustain mTORC1 activity and enhance 
metastatic features. This transcriptional reprogramming 
leads to the emergence of a tumor cell population with 
increased metastatic potential and resistance to mTOR 
inhibitors. Depletion of EVI1 or SOX9 attenuates meta-
static properties and sensitizes cells to mTOR inhibi-
tion, suggesting a crucial role for the EVI1-SOX9 axis in 
driving therapeutic resistance and metastasis in breast 
cancer. Targeting this axis may represent a promising 
strategy to overcome resistance to mTOR inhibitors and 
inhibit metastatic progression in breast cancer patients 
[16].

Metabolism
mTOR, a central regulator of cell growth and metabo-
lism, plays crucial roles in coordinating various metabolic 
processes essential for cellular function and homeosta-
sis. Its two distinct complexes, mTORC1 and mTORC2, 
integrate signals from nutrients, growth factors, and cel-
lular energy levels to modulate protein synthesis, glucose 
metabolism, lipid synthesis, and glutamine metabolism. 
mTORC1 promotes anabolic processes such as protein 
synthesis by phosphorylating key effectors like S6K1 and 
4EBP1, while also regulating transcription factors like 
HIF1α and Myc to influence glucose uptake and glyco-
lytic metabolism. Additionally, mTORC1 stimulates lipid 
synthesis through activation of SREBP transcription fac-
tors and enhances glutamine metabolism by modulating 
enzymes involved in glutaminolysis. On the other hand, 
mTORC2 regulates glucose metabolism and lipid syn-
thesis via its substrate Akt, while also impacting gluta-
mine metabolism and purine synthesis. Together, mTOR 
signaling pathways orchestrate a finely tuned metabolic 
network essential for cell growth, proliferation, and sur-
vival, making them attractive targets for cancer therapy 
and metabolic disorders [17].The fasting-mimicking diet 
(FMD) effectively impedes the progression of TNBC and 
inhibits CSC escape mechanisms primarily through the 

modulation of the mTOR pathway. By inducing a state 
mimicking fasting conditions, the FMD reduces glu-
cose levels, thereby inhibiting mTOR activation in CSCs 
while activating mTOR in differentiated cancer cells. 
This differential regulation prevents CSC survival and 
self-renewal while promoting the regression of tumor 
masses. Additionally, the FMD prevents hyperglycemia 
induced by mTOR inhibitors, further contributing to 
its anti-tumor effects [18]. Likewise, glycolytic inhibi-
tors like 2-deoxyglucose (2DG) show promise in cancer 
treatment by targeting the heightened glycolytic activ-
ity in tumors, including TNBCs. 2DG disrupts glycoly-
sis by inhibiting hexokinase, causing energy stress and 
indirectly downregulating the mTOR pathway, a key 
driver of tumor growth. In TNBCs, where mTOR is often 
hyperactivated, combining 2DG with agents like met-
formin, which directly inhibits mTOR via AMPK activa-
tion, enhances therapeutic efficacy. This dual approach 
exploits the metabolic vulnerabilities of TNBCs, effec-
tively reducing cell proliferation and inducing apoptosis 
[19]. EMT triggers metabolic rewiring in breast cancer 
cells, particularly affecting glutamine metabolism. Mes-
enchymal breast stem cells, characterized by heightened 
reductive carboxylation of glutamine, exhibit altered 
redox homeostasis and decreased glutathione biosyn-
thesis. These metabolic adaptations sensitize these cells 
to mTOR inhibition, as evidenced by their enhanced 
sensitivity to mTOR inhibitors compared to their epithe-
lial counterparts. Glutamine-derived metabolites play 
a crucial role in mediating this sensitivity, highlighting 
the potential therapeutic significance of targeting gluta-
mine metabolism in metastatic breast cancer [20]. The 
deregulation of cell energetics and reprogramming of 
energy metabolism, notably through the Warburg effect, 
where cancer cells upregulate glycolysis even in the pres-
ence of oxygen, are key features of cancer. Metformin, a 
widely prescribed anti-diabetic drug, has shown promise 
in cancer therapy by inhibiting aberrant glycolysis and 
activating the AMPK signaling pathway, which leads to 
mTOR inhibition and subsequent reduction in protein 
synthesis and cell proliferation. TNBC, characterized by 
its aggressive nature and lack of hormone receptors, is 
particularly challenging to treat, with the mTOR pathway 
often deregulated. Studies have suggested that metformin 
may have therapeutic benefits in TNBC, although its effi-
cacy might be compromised in diabetic individuals due 
to elevated glucose concentrations. The impact of vary-
ing glucose concentrations on the anti-cancer effects of 
metformin in TNBC cells, particularly focusing on mes-
enchymal breast stem cells has been investigated [21]. 
It was found that higher glucose concentrations attenu-
ated the efficacy of metformin, while glucose starvation 
enhanced its cytotoxic effects, especially in stem cell pop-
ulations. Additionally, metformin effectively inhibited 



Page 5 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

the mTOR pathway under glucose-starved conditions in 
stem cells, suggesting a potential strategy for enhancing 
its therapeutic efficacy in TNBC, particularly by targeting 
the stem cell population. These findings underscore the 
importance of considering metabolic factors, such as glu-
cose levels and stem cell populations, in optimizing the 
use of metformin as a therapeutic agent for TNBC [22]. 
Targeting the metabolic vulnerability of BCSCs with met-
formin has emerged as a promising strategy to enhance 
the efficacy of radiotherapy and selectively eradicate 
BCSCs. Metformin, a widely used anti-diabetic drug, dis-
rupts mitochondrial respiration, leading to activation of 
AMP-activated protein kinase (AMPK) and suppression 
of the mTOR signaling pathway. This metabolic modula-
tion not only sensitizes cancer cells to radiation but also 
preferentially targets BCSCs due to their heightened 
metabolic activity and reliance on mitochondrial respira-
tion. By inhibiting mitochondrial function and altering 
cellular energy metabolism, metformin induces cytotoxic 
effects on BCSCs, reducing their clonogenic survival and 
impeding sphere formation, a characteristic growth pat-
tern of BCSCs. Furthermore, metformin attenuates the 
radioresistance of CSCs, as evidenced by its ability to 
suppress the radiation-induced increase in the fraction 
of BCSCs. These findings highlight the potential of met-
formin to exploit the metabolic vulnerabilities of BCSCs, 
thereby enhancing the effectiveness of radiotherapy and 
providing a novel approach for selectively eliminating 
CSCs in breast cancer [23].

Autophagy
mTOR plays a crucial role in regulating autophagy, the 
cellular process responsible for degrading and recycling 
damaged organelles and proteins. In conditions of nutri-
ent abundance or growth factor signaling, active mTOR 
suppresses autophagy by phosphorylating key autoph-
agy-initiating complexes such as ULK1, preventing their 
association and thereby inhibiting autophagy induction. 
Conversely, when nutrients are scarce or cellular energy 
levels are low, mTOR activity is inhibited, allowing for the 
activation of ULK1 complex and initiation of autophagy. 
Additionally, mTOR phosphorylates other autophagy-
related proteins like ATG14L, further regulating autopha-
gosome formation. This dual role of mTOR in autophagy 
regulation enables cells to adapt to changing environmen-
tal conditions and maintain cellular homeostasis [24]. 
HDAC6, a regulatory enzyme, influences autophagy dif-
ferently in BCSCs compared to differentiated cancer cells, 
largely through the mTOR signaling pathway and interac-
tions with TSC proteins. In BCSCs, inhibiting HDAC6 
paradoxically reduces autophagy, despite mTOR’s known 
role in autophagy inhibition, a result of altered TSC1/
TSC2 expression affecting mTOR activity. Conversely, in 
differentiated cancer cells, HDAC6 inhibition promotes 

autophagy through conventional mTOR pathway inhibi-
tion. This differential effect underscores the complex role 
of HDAC6 in cancer biology, highlighting the nuanced 
impact of cellular context on therapeutic targeting, par-
ticularly in treatments aimed at modulating autophagy 
and cell differentiation states in cancer [25]. Prolonged 
exposure of BCSCs to Rottlerin (Rott) leads to apoptosis, 
a form of programmed cell death, which is significantly 
associated with the suppression of the Akt/mTOR sig-
naling pathway. Akt, also known as protein kinase B, and 
mTOR, the mammalian target of rapamycin, are critical 
for cell survival and proliferation. They play pivotal roles 
in various cellular processes, including growth, prolif-
eration, and survival. In breast CSCs, the Akt/mTOR 
pathway is often overactivated, contributing to the cells’ 
resistance to apoptosis and their ability to sustain cancer. 
Rottlerin’s ability to inhibit this pathway diminishes the 
survival signals within the cells, thereby inducing apop-
tosis. This mechanism highlights a potential therapeutic 
approach targeting the resilience and recurrence often 
seen in breast cancer through the eradication of CSCs by 
disrupting key survival pathways [26].

Ferroptosis
Ferroptosis is a distinct form of programmed cell death 
characterized by iron-dependent lipid peroxidation and 
subsequent membrane damage, leading to cell demise 
[27, 28]. In the context of CSCs, targeting ferroptosis 
holds considerable promise as a therapeutic strategy due 
to its potential to selectively eliminate CSC populations, 
which are often implicated in cancer progression, recur-
rence, and treatment resistance. CSCs exhibit alterations 
in iron metabolism, including enhanced iron uptake, 
intracellular iron accumulation, and dysregulated anti-
oxidant defense systems, rendering them particularly 
vulnerable to ferroptosis induction. By exploiting these 
vulnerabilities, therapies aimed at inducing ferroptosis 
in CSCs could effectively eradicate this subpopulation of 
cancer cells and improve treatment outcomes. Strategies 
to target ferroptosis in CSCs include modulating iron 
metabolism, enhancing lipid peroxidation, and inhibit-
ing antioxidant defense mechanisms [29]. mTOR inhibi-
tion presents a promising strategy for targeting BCSCs 
due to its ability to selectively disrupt survival pathways 
that are hyperactive in these therapy-resistant cells. CSCs 
exhibit heightened metabolic plasticity, dependence on 
iron metabolism, and increased oxidative stress, making 
them particularly vulnerable to mTOR inhibition [30]. 
Mechanistically, mTOR inhibition plays a dual role: while 
it impairs key metabolic pathways such as mitochondrial 
oxidative phosphorylation, glycolysis, and glutaminolysis, 
it also prevents ferroptosis induction by stabilizing iron 
homeostasis and mitigating iron-catalyzed ROS produc-
tion. However, this inhibition of ferroptosis by mTOR can 



Page 6 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

be overcome through the use of ferroptosis inducers such 
as salinomycin (Sal), which sequesters iron into lyso-
somes, creating oxidative stress and lipid peroxidation 
that triggers ferroptotic cell death. Importantly, ferropto-
sis selectively targets BCSCs due to their iron metabolism 
dysregulation and limited antioxidant defenses, while 
sparing normal cells, which maintain lower iron levels 
and stronger oxidative stress management. By carefully 
combining mTOR inhibitors with ferroptosis inducers, 
this dual mechanism can be exploited to maximize thera-
peutic efficacy against BCSCs, eradicating this aggressive 
population while preserving normal breast tissue and 
non-stem cancer cells (Studied by [31]). VDAC1, as the 
main transporter of metabolites across the mitochon-
drial outer membrane, influences cellular redox balance 
and lipid metabolism, thereby impacting susceptibil-
ity to ferroptosis. Its modulation affects the exchange of 
metabolites such as glutathione and NADPH, crucial 
components in antioxidant defense mechanisms and lipid 
peroxidation processes. Moreover, VDAC1-mediated 
calcium fluxes and interactions with pro- and anti-fer-
roptotic proteins regulate cellular redox homeostasis and 
mitochondrial function, influencing the susceptibility of 
cells to ferroptotic stimuli. In BCSC, silencing of mito-
chondrial VDAC1 triggers a cascade of metabolic rewir-
ing events and drives the reprogramming of tumor cells 
into advanced differentiated states. This process involves 
a shift away from the Warburg effect, characterized by 
reduced glycolysis and altered oxidative phosphorylation, 
leading to decreased ATP production and mitochondrial 
membrane potential. Consequently, key metabolic regu-
lators such as AMPK and mTOR signaling pathways are 
modulated. Additionally, VDAC1 depletion results in a 
marked reduction in CSC populations, as evidenced by 
decreased expression of CSC-associated markers like 
aldehyde dehydrogenase isoform 1 (ALD1HA1), SOX2, 
CD133, and CD44. Importantly, the downregulation of 
VDAC1 also induces differentiation of BCSCs, as indi-
cated by increased expression of markers associated 
with mature mammary epithelial cell phenotypes, such 
as CD24 and prolactin receptors (PRLR), and decreased 
expression of stemness markers like CD44. Overall, 
mitochondrial VDAC1 silencing in BCSCs orchestrates 
a complex interplay of metabolic reprogramming, CSC 
depletion, and induction of cell differentiation, offering 
promising therapeutic avenues for breast cancer treat-
ment [32].

EMT
EMT in breast cancer cells significantly reprograms 
metabolism, impacting glutamine utilization, redox 
homeostasis, and drug sensitivity. EMT increases reli-
ance on mitochondrial isocitrate dehydrogenase 2 
(IDH2)-mediated reductive carboxylation of glutamine 

for fatty acid synthesis, reducing glycolytic flux and glu-
tathione production. This reprogramming disrupts cellu-
lar redox balance and decreases the antioxidant defense 
capacity, making EMT-derived cells more sensitive to 
mTOR inhibitors. Notably, reducing intracellular GSH 
levels enhances this sensitivity, highlighting a vulner-
ability that may be exploited therapeutically [20]. Pro-
longed exposure to TGF-β in breast cancer cells stabilizes 
EMT, thereby enhancing BCSC characteristics and drug 
resistance. This stabilized EMT state is associated with 
increased activity of the mTOR signaling pathway, which 
remains elevated even after TGF-β removal. mTOR inhi-
bition using a bitopic inhibitor effectively reduced CSC 
populations, suppressed anchorage-independent growth, 
and diminished chemoresistance, highlighting mTOR’s 
critical role in maintaining stemness and drug resistance 
in breast cancer cells [33]. BYL-719 (alpelisib) is a selec-
tive inhibitor of the PI3K/AKT/mTOR signaling pathway, 
specifically targeting the PI3K catalytic subunit p110α. 
In BCSCs, it disrupts key processes that drive EMT, a 
critical mechanism in tumor progression, metastasis, 
and drug resistance. EMT is modulated through the 
mTOR pathway, which supports BCSC stemness, sur-
vival, and plasticity. BYL-719 inhibits mTOR activity by 
reducing phosphorylation of downstream effectors such 
as p-P70S6K and p-4EBP1, leading to a decrease in EMT 
markers like NANOG, SOX2, and OCT3/4. This inhibi-
tion attenuates the mesenchymal phenotype of BCSCs, 
suppresses their self-renewal capabilities, and enhances 
sensitivity to apoptosis, making BYL-719 a potent ther-
apeutic agent in targeting EMT-related resistance in 
breast cancer [34]. Similarly, the synergistic combination 
of Salinomycin and Budesonide effectively reverses EMT 
in BCSCs by modulating the mTOR signaling pathway. 
This co-treatment downregulates the PI3K/AKT/mTOR 
axis, reducing the phosphorylation of AKT and mTOR, 
which are critical for EMT induction and maintenance. 
As a result, the expression of mesenchymal markers like 
vimentin and N-cadherin decreases, while epithelial 
markers such as E-cadherin are upregulated, signify-
ing EMT reversal. Furthermore, the treatment enhances 
autophagic activity by increasing the conversion of LC3-I 
to LC3-II, which contributes to the suppression of EMT-
related transcription factors like Twist1. This interplay 
between mTOR inhibition and autophagy induction dis-
rupts the stemness and invasive properties of BCSCs, 
providing a potent therapeutic strategy to combat drug 
resistance and tumor progression in TNBC [35].

Molecular mechanisms of mTOR in BCSCs
mTOR is intricately involved in cancer through mul-
tiple molecular interactions. Activation of the PI3K/
Akt pathway, often driven by growth factor signaling or 
loss of tumor suppressor genes like PTEN and TSC1/2, 
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stimulates mTOR activity, promoting cell growth and sur-
vival. Additionally, mTOR influences hypoxia response 
pathways through HIF-1α, facilitating adaptation to low 
oxygen environments characteristic of tumors. It also 
regulates autophagy, impacting cellular stress responses, 
and affects gene expression via transcription factors 
like SREBP1/2 and c-Myc, influencing processes such 
as lipid metabolism and angiogenesis. Dysregulation of 
these interactions contributes to cancer development 
and progression, making mTOR an attractive target for 

therapeutic intervention in cancer treatment strategies 
(Fig. 2) [36–38].

PI3K/AKT
Mutations in PIK3CA, a gene that encodes catalytic sub-
unit (p110α) of PI3K, play a crucial role in BCSCs by 
contributing to their self-renewal, tumorigenicity, and 
resistance to therapy. Activation of the PI3K/AKT/mTOR 
pathway resulting from PIK3CA mutations enhances the 
stem-like properties of BCSCs, including their ability to 
self-renew and initiate tumor formation. Specificzzally, 

Fig. 2  Molecular Mechanisms of mTOR in BCSCs: This figure illustrates the complex interactions of the mTOR pathway within breast cancer stem cells, 
focusing on various upstream regulators, co-activators, and signaling pathways that sustain BCSC properties, including self-renewal, tumorigenicity, 
resistance to therapy, and metabolic adaptation. PI3K/AKT Pathway: PI3K/AKT activation, driven by growth factors (e.g., IGF-1R, HER2) and other proteins 
(e.g., EMP3, TIPE2, GSK3), stimulates mTOR signaling, which promotes BCSC survival, growth, and resistance to therapeutic interventions. Notably, nuclear 
localization of Akt enhances mTOR signaling, further sustaining stem-like characteristics in BCSCs. SOX2 and Notch Pathways: Overexpression of SOX2, 
coupled with Notch signaling activation, supports self-renewal and maintenance of BCSC populations. Notch signaling also modulates mTOR, amplify-
ing cell survival and metabolic pathways in BCSCs.IGF-1R and TGF-β Pathways: IGF-1R signaling upregulates mTOR activity, promoting BCSC proliferation 
and resistance, while TGF-β influences epithelial-mesenchymal transition (EMT) and stem-like properties via SMAD pathways. This interaction contrib-
utes to resistance to anti-cancer therapies. AMPK and Energy Sensing: AMPK responds to changes in cellular energy (e.g., ATP/AMP levels), potentially 
antagonizing mTOR to inhibit cell cycle progression and induce apoptosis. This axis highlights the therapeutic potential of AMPK activators in targeting 
energy-dependent survival mechanisms in BCSCs. Non-coding RNAs and Additional Regulators: MicroRNAs (miR-99a, miR-125b) and regulatory proteins 
(e.g., PD-L1, HIF-1α, HIF-2α, ST8SIA1) influence mTOR activity in BCSCs. These regulators further impact metabolic and survival pathways, underscoring 
the therapeutic implications of targeting mTOR-related transcriptional and post-transcriptional networks. The interconnections between mTOR and these 
pathways highlight its central role in modulating cellular processes critical for BCSC survival and therapeutic resistance. This network provides insight into 
potential targets, such as mTOR inhibitors, AMPK activators, and modulators of signaling pathways like IGF-1R and Notch, which could be leveraged in 
breast cancer treatments to effectively target BCSCs and enhance therapeutic outcomes
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PI3KCA mutations promote the expansion of BCSC 
populations and increase their resistance to apoptosis, 
leading to tumor progression and therapeutic resistance. 
Additionally, dysregulated PI3K/AKT/mTOR signaling 
in BCSCs promotes metabolic reprogramming, favoring 
glycolysis and providing energy for their enhanced prolif-
eration and survival. The aberrant activation of the PI3K/
AKT/mTOR pathway in BCSCs not only drives tumori-
genesis but also contributes to the maintenance of their 
stem-like characteristics, highlighting its significance as a 
potential therapeutic target in breast cancer [39]. Nuclear 
localization of Akt not only influences the stemness of 
breast cancer cells but also engages the Akt/mTOR sig-
naling pathway, further exacerbating the CSC phenotype. 
Akt, upon translocation to the nucleus, demonstrates 
increased phosphorylation at T308, indicative of height-
ened kinase activity, leading to enhanced mTOR activa-
tion. The Akt/mTOR axis plays a pivotal role in regulating 
various cellular processes, including protein synthesis, 
metabolism, and cell proliferation, all of which contribute 
to CSC maintenance and expansion. Activation of mTOR 
downstream of Akt fosters the expression of pluripotency 
factors and promotes cell cycle progression, ultimately 
fueling the growth and survival of CSCs. This intricate 
interplay between nuclear Akt and mTOR signaling 
underscores the multifaceted mechanisms by which Akt 
potentiates the stem-like characteristics of breast cancer 
cells, highlighting its significance as a potential thera-
peutic target for disrupting CSC-driven tumorigenesis 
[40]. Targeting mTOR rather than PI3K has been shown 
to be more effective in reducing cell proliferation, tumor 
growth, cell migration, and stemness in breast cancer for 
several reasons. Firstly, mTOR functions as a central hub 
downstream of PI3K/AKT signaling, integrating inputs 
from various upstream signaling pathways beyond PI3K 
alone. Therefore, directly inhibiting mTOR may provide 
a more comprehensive blockade of downstream signaling 
compared to targeting PI3K alone. Additionally, mTOR 
exists in two distinct complexes, mTORC1 and mTORC2, 
each with unique functions in regulating cell growth, sur-
vival, and metabolism. Inhibition of mTORC1, particu-
larly with drugs like rapamycin, has been shown to exert 
potent anti-proliferative effects in breast cancer cells. 
Moreover, mTOR inhibition can suppress key processes 
involved in cancer progression, such as protein synthe-
sis and cell cycle progression, thereby reducing tumor 
growth and metastatic potential. Importantly, mTOR 
inhibitors have demonstrated efficacy independent of the 
PIK3CA mutation status, suggesting that mTOR inhibi-
tion may effectively target other dysregulated pathways 
or compensatory mechanisms involved in breast cancer 
pathogenesis and resistance [41].

Stem cell markers
SOX2
Nuclear reprogramming of luminal-like breast cancer 
cells using Yamanaka factors initiates a process leading 
to the emergence of Sox2-overexpressing cancer stem-
like cellular states. This reprogramming induces mor-
phological changes reminiscent of human embryonic 
stem cells and significantly increases the expression of 
pluripotency marker SSEA-4, indicating an intermediate 
pluripotent state. While incomplete, the reprogramming 
results in the overexpression of Sox2, a crucial transcrip-
tion factor associated with stemness. These Sox2-overex-
pressing cells exhibit characteristics of CSCs, including 
heightened ALDH activity and CD44 expression, with-
out undergoing epithelial-to-mesenchymal transition. 
Importantly, transcriptional analysis reveals significant 
alterations in the mTOR pathway, with downregulation 
of mTOR inhibitors PRKAA1, DDIT4, and DEPTOR, 
alongside upregulation of the insulin receptor INSR. 
Furthermore, downstream targets of mTOR signaling, 
such as p70S6K1, show increased activity, indicating 
heightened mTOR pathway activation. This upregulation 
of the mTOR pathway coincides with the acquisition of 
CSC-like properties, suggesting a potential link between 
Sox2 overexpression and mTOR pathway activation in 
driving the emergence of CSC-like states in luminal-like 
breast cancer cells [42]. In addition, Nguyen et al. have 
discovered a link between SOX2 and mTOR in TNBC 
cells, mediated by ST8SIA1. They demonstrated that 
ST8SIA1 regulates SOX2 expression via the activation of 
the FAK–AKT–mTOR signaling pathway in BCSCs [43]. 
Monensin, an ionophoric antibiotic, disrupts cellular ion 
gradients, while erlotinib, an EGFR inhibitor, blocks key 
signaling in cancer cells. Together, these agents effectively 
inhibit the PI3K/AKT/mTOR pathway, which are critical 
for maintaining cancer stem-like properties, including 
SOX2 expression. The downregulation of SOX2 upon 
mTOR inhibition highlights mTOR’s role in sustaining 
TNBC stem-like characteristics and regulating SOX2-
dependent pathways [44].

NANOG
mTOR and its inhibitors significantly influence the 
regulation of NANOG expression BCSCs through 
translational reprogramming. mTOR inhibition, com-
monly aimed at reducing tumor growth, paradoxically 
promotes the accumulation of BCSCs by enabling the 
selective translation of NANOG mRNA isoforms with 
specific 5′UTRs. Under mTOR suppression, global pro-
tein synthesis decreases; however, certain stress-respon-
sive NANOG isoforms escape this repression, driving 
increased NANOG protein levels. This process is medi-
ated by the Integrated Stress Response (ISR), marked 
by eIF2α phosphorylation, which facilitates selective 
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translation. ISRIB, an ISR inhibitor, effectively mitigates 
this effect by preventing eIF2α phosphorylation, reducing 
NANOG-driven BCSC plasticity and enhancing thera-
peutic outcomes. Thus, while mTOR inhibitors suppress 
tumor proliferation, they unintentionally foster stem-
cell-like phenotypes [45].

Notch
Activation of Notch1 by its ligand Jagged1 triggers IKKα, 
which phosphorylates Rictor, a component of mTORC2, 
leading to the activation of AKT (phosphorylation at 
Ser473). This Notch1-IKKα-mTORC2-AKT axis regu-
lates mitochondrial oxidative phosphorylation and 
supports BCSC survival, highlighting a non-canonical 
(RBP-Jκ-independent) signaling mechanism. The inter-
action is particularly relevant in PTEN wild-type TNBC 
cells, with no significant role identified for other Notch 
paralogs like Notch4 in this context. Targeting this path-
way through γ-secretase inhibitors, AKT inhibitors, or 
IKK inhibitors disrupts CSC survival and metabolism, 
making it a promising therapeutic strategy for TNBC 
[46].

IGF-1R
Insulin-like Growth Factor 1 Receptor (IGF-1R) is a cell 
surface receptor protein that plays a crucial role in medi-
ating the effects of insulin-like growth factors (IGFs), 
particularly IGF-1 and IGF-2. It belongs to the family of 
receptor tyrosine kinases and is involved in regulating 
various cellular processes such as cell growth, prolifera-
tion, survival, and differentiation. Activation of IGF-1R 
initiates downstream signaling cascades, including the 
PI3K/Akt/mTOR pathway, which are essential for normal 
growth and development. Elevated IGF-1R activity, evi-
denced by increased phosphorylation levels and expres-
sion in BCSCs compared to non-BCSCs, has been linked 
to enhanced tumor initiation, growth, and the expres-
sion of stem cell markers. This activity correlates with 
higher tumorigenicity in vivo and an increased capacity 
for mammosphere formation in vitro. Importantly, IGF-
1R signaling is implicated in the activation of the PI3K/
Akt/mTOR pathway, a key regulator of cell survival, pro-
liferation, and differentiation, which further supports the 
survival and stem-like qualities of BCSCs. Inhibition of 
IGF-1R, either by specific inhibitors like picropodophyl-
lin or by knockdown approaches, significantly reduces 
these cancer stem cell properties, leading to decreased 
tumor growth, diminished mammosphere formation, 
and alterations in markers indicative of EMT. Collec-
tively, these findings highlight the pivotal role of IGF-1R 
signaling in sustaining BCSC characteristics and sug-
gest that targeting IGF-1R could be a promising strat-
egy in treating breast cancer by eradicating the stem-like 
cell population within tumors [47]. The IGF-1R/PI3K/

AKT/mTOR and Hippo pathways play critical roles in 
regulating BCSCs and their tumorigenic properties. 
The IGF-1R/PI3K/AKT/mTOR pathway is implicated 
in maintaining BCSC properties, including self-renewal 
and tumorigenicity. Activation of this pathway promotes 
cell proliferation and survival in BCSCs. Conversely, the 
Hippo pathway, with its core components MST1/2 and 
LATS1/2, regulates BCSCs by inhibiting the activity of 
YAP and TAZ, key transcriptional co-activators. Inhibi-
tion of YAP/TAZ leads to reduced stemness features and 
tumorigenic potential in BCSCs. Importantly, there is an 
interplay between these pathways, as evidenced by the 
regulatory impact of IGF-1R signaling on YAP expression 
and localization. Additionally, YAP regulate the expres-
sion of IGF-1, suggesting a feedback loop between these 
pathways [48].

AMPK
Breast cancer, particularly TNBC, presents significant 
challenges due to its aggressive nature and limited treat-
ment options. AMP-activated protein kinase (AMPK) 
activation has emerged as a promising therapeutic ave-
nue, given its role in inhibiting oncogenic pathways and 
promoting apoptosis. The effects of the AMPK activator 
FND-4b have been investigated in TNBC and estrogen 
receptor-positive breast cancer (ER + BC) cells. Analysis 
revealed no significant difference in AMPK expression 
between TNBC and ER + BC cells. Treatment with FND-
4b activated AMPK and downstream signaling pathways, 
leading to decreased cell cycle flux and increased apop-
tosis in both subtypes, as evidenced by changes in phos-
phorylated AMPK, acetyl-CoA carboxylase, ribosomal 
protein S6, cyclin D1, and cleaved PARP levels. Further-
more, FND-4b exhibited dose-dependent growth inhibi-
tion across all breast cancer subtypes, with ER + BC cells 
showing slightly higher sensitivity. Importantly, FND-4b 
treatment increased apoptosis, particularly in MCF-7 and 
T-47D cells, underscoring its potential as a therapeutic 
agent for breast cancer. Notably, FND-4b-mediated acti-
vation of AMPK also led to attenuated mTOR signaling, 
further contributing to its anti-tumor effects. Although 
further studies are warranted to elucidate its full clini-
cal potential and underlying mechanisms of action, these 
findings highlight the promising role of AMPK activa-
tion, coupled with mTOR inhibition, in breast cancer 
therapy [49].

TGF-β
Chronic exposure to TGF-β induces and stabilizes epi-
thelial-mesenchymal transition (EMT) in mammary epi-
thelial cells, leading to the acquisition of mesenchymal 
features and the maintenance of a stem cell-like state even 
after the removal of TGF-β. This prolonged exposure cor-
relates with enhanced tumor stemness, as evidenced by 
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increased expression of stem cell markers and enhanced 
mammosphere formation capacity. Additionally, chronic 
TGF-β exposure confers resistance to anticancer drugs, a 
phenomenon associated with increased mTOR signaling. 
The activation of mTOR, including both mTORC1 and 
mTORC2, plays a crucial role in mediating drug resis-
tance and maintaining the mesenchymal and stem cell-
like characteristics induced by chronic TGF-β exposure. 
Inhibition of mTOR signaling effectively reduces the stem 
cell phenotype and increases sensitivity to anticancer 
drugs, highlighting the therapeutic potential of targeting 
mTOR to disrupt these processes and improve treatment 
outcomes in breast cancer [33].

Non-coding RNAs
Non-coding RNAs (ncRNAs) have emerged as key 
regulators of cellular processes, including the modula-
tion of the mTOR pathway. Various types of ncRNAs, 
such as microRNAs (miRNAs), long non-coding RNAs 
(lncRNAs), and circular RNAs (circRNAs), exert regula-
tory control over mTOR signaling at multiple levels. miR-
NAs can directly target mTOR or its upstream regulators, 
inhibiting their expression and consequently suppressing 
mTOR activity. Additionally, lncRNAs can act as scaf-
folds or decoys, sequestering regulatory proteins or RNA 
molecules involved in mTOR signaling, thereby modulat-
ing its activity. Furthermore, circRNAs have been impli-
cated in regulating mTOR signaling through diverse 
mechanisms, including acting as miRNA sponges or 
interacting with mTOR-associated proteins. Collectively, 
the intricate interplay between ncRNAs and the mTOR 
pathway underscores the complexity of cellular regula-
tion and highlights the importance of non-coding tran-
scripts in fine-tuning essential cellular processes [50–53]. 
In BCSCs, miR-99a directly targets the mTOR signaling 
pathway. Through computational prediction programs 
and luciferase assays, a putative binding site for miR-99a 
was identified in the 3’UTR of the mTOR gene. Restora-
tion of miR-99a expression suppressed luciferase activ-
ity in CSCs, confirming the direct interaction between 
miR-99a and mTOR mRNA. Additionally, overexpres-
sion of miR-99a decreased both mRNA and protein lev-
els of mTOR in CSCs. This downregulation of mTOR led 
to reduced expression of its downstream target, HIF-1α, 
as well as downstream transcription factors Oct-4 and 
c-Myc, which are implicated in CSC progression. These 
findings elucidate a mechanistic link between miR-99a 
and the mTOR signaling pathway, underscoring the role 
of miR-99a in modulating CSC characteristics in breast 
cancer [54]. The deregulated expression of miR-125b, 
miR-205, and miR-424 is shown to be adequate in induc-
ing resistance to aromatase inhibitors (AIs), activating 
the AKT/mTOR pathway, and triggering the emergence 
of a subset of cells exhibiting stem-like characteristics. 

This finding underscores the pivotal role these microR-
NAs play in driving resistance to AI therapy, as well as in 
promoting aggressive cancer phenotypes. Notably, their 
ability to activate the AKT/mTOR pathway, a key signal-
ing cascade implicated in cancer cell survival and prolif-
eration, further elucidates the mechanistic underpinnings 
of AI resistance. Additionally, the observed emergence of 
cells with stem-like properties suggests a potential link 
between miRNA dysregulation and the acquisition of 
traits associated with tumor-initiating cells, which are 
known to contribute to therapy resistance and disease 
recurrence in breast cancer [55].

Other Regulator proteins
TIPE2
Tumor necrosis factor-α-induced protein-8-like-2 
(TIPE2) plays a crucial role in regulating BCSCs prop-
erties through the mTOR signaling pathway. In breast 
cancer cells, TIPE2 overexpression leads to the inhibi-
tion of BCSC markers such as OCT4, Nanog, and Sox2, 
thereby suppressing self-renewal abilities and migratory 
potential. Mechanistically, TIPE2 modulates the mTOR 
pathway, which is intricately involved in BCSC mainte-
nance. Specifically, TIPE2 promotes the phosphorylation 
of AKT and mTOR, leading to downstream signaling that 
inhibits CSC characteristics. By regulating mTOR activa-
tion, TIPE2 effectively attenuates the stemness of breast 
cancer cells, offering a promising avenue for targeting 
BCSCs and potentially overcoming chemoresistance in 
breast cancer therapy [56].

EMP3
Epithelial membrane protein 3 (EMP3), a member of the 
PMP22 gene family, exhibits context-dependent roles in 
cancer, including breast cancer. In breast cancer stem 
cells, EMP3 plays crucial functions related to chemore-
sistance and stem-like properties. Through in silico anal-
yses and experimental validations, EMP3 is implicated 
as a tumor suppressor in breast cancer, correlating with 
favorable patient outcomes such as improved survival 
and reduced recurrence. Mechanistically, EMP3 inhib-
its S-phase entry and DNA replication while enhanc-
ing sensitivity to chemotherapy drugs like Adriamycin. 
Furthermore, EMP3 interferes with stem-like properties 
by downregulating stem-related markers and inhibiting 
mammosphere formation, characteristic of cancer stem 
cells. EMP3 also modulates signaling pathways such as 
Akt-mTor, inducing autophagy and influencing down-
stream effectors like YTHDC1, thereby impacting DNA 
damage repair and chemosensitivity. Overall, EMP3 
emerges as a promising target for combating chemoresis-
tance and suppressing stem-like properties in breast can-
cer cells [57].
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Heregulin
Heregulin, also known as neuregulin, is a ligand that acti-
vates HER3 and HER4 receptors, members of the HER 
family. In breast cancer, heregulin plays a pivotal role 
in regulating CSC populations and the mTOR pathway. 
Studies have shown that heregulin treatment increases 
the proportion of CSCs within breast cancer cell lines, 
as evidenced by upregulation of CSC markers such as 
CD44+/CD24 − and NANOG/KLF4 expression. Addi-
tionally, heregulin has been implicated in attenuating the 
growth inhibitory effects of mTOR inhibitors, such as 
rapamycin and everolimus, suggesting a mechanism for 
resistance to anti-mTOR therapy. Through its actions on 
CSC regulation and mTOR signaling, heregulin contrib-
utes to the aggressiveness and therapeutic resistance of 
breast cancer, highlighting its significance as a potential 
target for novel therapeutic interventions aimed at over-
coming endocrine resistance and improving patient out-
comes [58].

PD-L1
Programmed death-ligand 1 (PD-L1) is a protein 
expressed on the surface of various cells, including 
cancer cells, that plays a crucial role in regulating the 
immune response. Its interaction with programmed cell 
death protein 1 (PD-1) on immune cells suppresses the 
immune system’s ability to recognize and attack cancer 
cells, leading to immune evasion and tumor progression 
[59]. PD-L1 expression is associated with poor prognosis 
in many cancers, including breast cancer. Notably, BCSCs 
are implicated in tumor growth and resistance to therapy. 
Recent research has revealed a mechanism by which 
BCSCs repress PD-L1 expression through the Notch3/
mTOR axis, thus aiding immune evasion and promot-
ing tumor survival. This insight underscores the intricate 
interplay between cancer stem cells, immune regula-
tion, and therapeutic resistance in breast cancer, offering 
potential targets for therapeutic intervention [60].

HIF-1α
Hypoxia-inducible factor 1-alpha (HIF-1α) is a transcrip-
tion factor that plays a crucial role in cellular response 
to low oxygen levels (hypoxia). In breast cancer, HIF-1α 
has been implicated in various processes, including the 
acquisition of CSC properties. One pathway through 
which HIF-1α influences CSC characteristics is via the 
mTOR pathway. Activation of mTOR signaling has been 
linked to cancer progression and stemness in breast can-
cer cells. HIF-1α can promote CSC properties by activat-
ing mTOR signaling, leading to enhanced cell survival, 
proliferation, and resistance to therapy. This interaction 
between HIF-1α and mTOR underscores the importance 
of targeting these pathways in cancer therapy to inhibit 
CSC properties and improve treatment outcomes [61].

HIF-2α
Hypoxia-inducible factor-2α (HIF-2α) is a transcription 
factor that plays a crucial role in cellular responses to low 
oxygen levels. In the context of TNBC, HIF-2α is highly 
expressed and has been shown to significantly impact 
the behavior of CSCs. A study highlighted the con-
nection between HIF-2α and CD44, a stem cell marker 
highly expressed in CSCs. HIF-2α under hypoxic con-
ditions enhances the stemness features of breast cancer 
cells, including their tumorigenic and metastatic poten-
tial, by upregulating CD44 expression. This upregulation 
is involved in the activation of the PI3K/AKT/mTOR 
signaling pathway, promoting cell survival, prolifera-
tion, and resistance to chemotherapy. Therefore, HIF-2α 
plays a pivotal role in sustaining breast CSC populations, 
partly through its regulation of CD44 expression, thereby 
contributing to the aggressive nature and treatment resis-
tance of TNBC [62].

ST8SIA1
Identifying specific molecular markers for BCSCs is cru-
cial for targeted therapy development. While markers like 
CD44high, CD24low, and aldehyde dehydrogenase activ-
ity have been identified, ganglioside GD2 has recently 
emerged as a surface marker for BCSCs. GD2 expres-
sion, regulated by GD3 synthase ST8SIA1, is elevated 
in basal-like breast cancer, correlating with poor patient 
outcomes. Knockdown of ST8SIA1 inhibits BCSC func-
tion, suggesting its role in tumor progression. Mechanis-
tically, ST8SIA1 positively correlates with p53 mutations 
and genes associated with stem cell phenotypes, while 
negatively correlating with GATA3 mutations. Further, 
ST8SIA1 regulates downstream signaling pathways, 
including FAK-AKT-ERK-mTOR, critical for BCSC func-
tions. Inhibition of FAK or mTOR signaling suppresses 
BCSC activities in vitro. Moreover, ST8SIA1 knockout 
impedes tumor growth and metastasis in vivo, highlight-
ing its potential as a therapeutic target in TNBC. These 
findings underscore the importance of ST8SIA1 in BCSC 
biology and its potential as a target for TNBC therapy 
[43].

SALL1
SALL1, a member of the SALL gene family, is a zinc fin-
ger transcription factor implicated in the development 
of various mammalian organs and the regulation of stem 
cell pluripotency. Recent studies have identified SALL1 
as a tumor suppressor in breast cancer, with downregu-
lation observed in breast cancer cell lines and tissues, 
particularly in aggressive subtypes like TNBC. SALL1 
overexpression inhibits tumor cell growth, proliferation, 
and induces cell cycle arrest and senescence in breast 
cancer cells. Mechanistically, SALL1 exerts its tumor-
suppressive effects by recruiting the NuRD chromatin 
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remodeling complex, thereby modulating gene expres-
sion. Additionally, SALL1 expression activates the mTOR 
signaling pathway, known for its role in tumor cell pro-
liferation and senescence induction. In breast cancer 
cells, SALL1-induced senescence involves the activation 
of ATM-associated DNA damage response and selective 
modulation of MAPK p38 and ERK1/2 signaling path-
ways. Together, these findings highlight the multifaceted 
role of SALL1 in breast cancer pathogenesis, shedding 
light on potential therapeutic targets for combating 
breast cancer progression and metastasis [63].

PROCR
The protein C receptor (PROCR) plays a crucial role in 
BCSCs through its activation of various signaling path-
ways, particularly impacting the mTOR pathway. PROCR 
activates multiple intracellular signaling cascades includ-
ing the ERK, PI3K–Akt–mTOR, and RhoA–ROCK 
pathways. In breast cancer, PROCR activates ERK and 
PI3K–Akt–mTOR pathways independently of the tradi-
tional surface receptor F2R or epidermal growth factor 
receptor (EGFR). Instead, PROCR engages insulin-like 
growth factor 1 receptor (IGF-1R) through Src kinase 
activation, leading to the stimulation of ERK and PI3K–
Akt–mTOR signaling. Additionally, PROCR’s interaction 
with F2R activates the RhoA–ROCK pathway. These sig-
naling events collectively contribute to the maintenance 
of stemness in breast cancer cells, as evidenced by the 
inhibition of PROCR or its downstream signaling path-
ways resulting in decreased colony-forming ability of 
breast cancer cells. Therefore, PROCR serves as a criti-
cal regulator of BCSCs, orchestrating intricate molecular 
mechanisms that modulate mTOR signaling and ulti-
mately influence cancer stem cell behavior in breast can-
cer [64].

GSK3
Glycogen synthase kinase 3 (GSK3) plays a pivotal role in 
regulating the mTOR pathway, thereby influencing criti-
cal cellular processes such as proliferation, survival, and 
metabolism. GSK3 exerts its regulatory effects on mTOR 
through intricate signaling mechanisms involving phos-
phorylation events and protein interactions. Specifically, 
GSK3 has been shown to phosphorylate key components 
of the mTOR pathway, including tuberous sclerosis com-
plex 2 (TSC2), which inhibits mTOR activity. Addition-
ally, GSK3 can modulate mTOR signaling by regulating 
the phosphorylation status of upstream kinases such as 
Akt and AMP-activated protein kinase (AMPK), which 
are known regulators of mTOR. Dysregulation of GSK3-
mTOR signaling axis has been implicated in various dis-
eases, including cancer. In BCSCs, aberrant activation 
of the GSK3-mTOR pathway contributes to the mainte-
nance of stemness properties, enhanced proliferation, 

and resistance to therapy. Targeting GSK3-mediated 
regulation of mTOR represents a promising therapeutic 
strategy for disrupting BCSC maintenance and overcom-
ing therapy resistance in breast cancer [65].

mTOR in chemoresistance of BCSCs
mTOR, an essential regulator of cell growth and metabo-
lism, emerges as a pivotal player in the perplexing phe-
nomenon of chemoradioresistance exhibited by CSCs. 
As a signaling hub, mTOR orchestrates intricate cellular 
processes, including protein synthesis, autophagy, and 
cell survival, all of which are implicated in the resis-
tance mechanisms of CSCs against chemotherapy and 
radiotherapy. Through its intricate interplay with vari-
ous molecular pathways, mTOR not only promotes CSC 
survival and self-renewal but also confers resistance to 
cytotoxic agents and radiation, thereby fostering tumor 
progression and treatment failure. Understanding the 
intricate crosstalk between mTOR signaling and the resis-
tance mechanisms of CSCs holds promise for developing 
targeted therapeutic strategies to overcome chemoradio-
resistance and improve cancer treatment outcomes [66].

Radioresistance
Inhibition of the PI3K/mTOR pathway exerts significant 
impacts on BCSCs, particularly in terms of sensitizing 
them to radiotherapy. By targeting this pathway, which 
plays a crucial role in regulating cellular processes such 
as growth, proliferation, and survival, inhibitors like 
PKI-402 demonstrate the potential to overcome radia-
tion resistance exhibited by CSCs. Notably, inhibition of 
PI3K/mTOR signaling reduces the colony formation abil-
ity of CSCs and enhances radiation-induced apoptosis in 
luminal A breast cancer cells, highlighting its efficacy in 
disrupting CSC-mediated resistance mechanisms. More-
over, the combination of PI3K/mTOR inhibition with 
ionizing radiation leads to increased levels of DNA dou-
ble-strand breaks (DSBs) in triple-negative breast cancer 
cells, further underscoring the ability of this approach to 
sensitize CSCs to radiation therapy. Overall, targeting the 
PI3K/mTOR pathway holds promise in overcoming ther-
apy resistance in breast cancer, particularly by disrupting 
the resilient nature of CSCs and enhancing the effec-
tiveness of conventional treatments [67].Inhibition of 
mTOR with rapamycin sensitizes BCSCs to the effects of 
radiation therapy, effectively reducing their self-renewal 
capacity. This sensitization is mediated through various 
pathways, including the suppression of MnSOD (man-
ganese superoxide dismutase) and the Akt pathway. Fur-
thermore, rapamycin-induced inhibition of mTOR leads 
to increased ROS (reactive oxygen species) activity and 
asymmetric cell division in BCSCs, ultimately enhancing 
the efficacy of radiation therapy by reducing mammo-
sphere formation. Understanding the intricate interplay 
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between mTOR signaling and radiotherapy response 
in BCSCs holds promise for developing more effective 
treatment strategies, particularly for aggressive forms of 
breast cancer [68].

Chemoresistance
mTOR plays a pivotal role in mediating chemoresistance 
in BCSCs through various mechanisms. Firstly, mTOR 
signaling promotes BCSC survival and self-renewal, con-
tributing to the maintenance of a stem cell-like phenotype 
that confers resistance to chemotherapy [69]. Activation 
of mTOR promotes the expression of drug efflux pumps, 
such as ATP-binding cassette (ABC) transporters, lead-
ing to increased drug efflux and reduced intracellular 
drug accumulation in BCSCs [70]. The mTOR pathway 
plays a pivotal role in regulating ABC transporters, par-
ticularly ABCC1 and ABCB1, in breast cancer [71, 72]. 
Activation of mTOR signaling enhances the transcription 
and translation of these transporters, thereby increas-
ing their expression on the cell surface. ABCC1 primar-
ily mediates the efflux of glutathione-conjugated drugs, 
while ABCB1 actively pumps out hydrophobic chemo-
therapeutics, such as paclitaxel and doxorubicin, reduc-
ing intracellular drug concentrations. By promoting the 
expression of these transporters, mTOR contributes to 
drug resistance in breast cancer cells, making them less 
responsive to chemotherapy [73, 74]. Targeting mTOR 
could, therefore, mitigate the overexpression of ABCC1 
and ABCB1, enhancing chemosensitivity and improv-
ing therapeutic outcomes. Additionally, mTOR signaling 
enhances DNA repair mechanisms and anti-apoptotic 
pathways, further bolstering BCSC survival in the face 
of chemotherapy-induced damage [57]. Furthermore, 
mTOR activation in BCSCs contributes to the evasion of 
immune surveillance and the establishment of a support-
ive tumor microenvironment, fostering chemoresistance 
[75]. Overall, targeting mTOR signaling in BCSCs repre-
sents a promising therapeutic strategy to overcome che-
moresistance and improve treatment outcomes in breast 
cancer [41].

Targeting mTOR in BCSCs
Targeting the mTOR pathway in CSCs is crucial due to 
its central role in regulating various cellular processes 
essential for CSC maintenance and survival. CSCs, char-
acterized by their ability to self-renew and differentiate 
into heterogeneous tumor cell populations, contribute 
to tumor initiation, progression, and therapy resistance. 
The mTOR pathway controls key functions such as cell 
growth, proliferation, metabolism, and survival, mak-
ing it a promising target for cancer therapy. Inhibi-
tion of mTOR signaling can disrupt CSC maintenance 
and self-renewal, leading to reduced tumor growth and 
recurrence. Additionally, CSCs often exhibit heightened 

mTOR activity, which is associated with aggressive tumor 
behavior and resistance to conventional therapies. By tar-
geting the mTOR pathway in CSCs, it may be possible to 
selectively eradicate these treatment-resistant cells, ulti-
mately improving cancer treatment outcomes and reduc-
ing the risk of relapse (Table 1) [76].

Selective PI3K/Akt/mTOR inhibitors
Everolimus
Everolimus is an oral inhibitor of the mTOR, a key serine-
threonine kinase in the PI3K/Akt/mTOR signaling path-
way, which plays a critical role in regulating cell growth, 
proliferation, and survival. Everolimus has significant 
antitumor activity in TNBC cell lines, particularly those 
of the basal-like subtype, characterized by the reduced 
expression of EGFR or CK5/6. The drug effectively inhib-
ited cell growth at low nanomolar concentrations in five 
out of nine TNBC cell lines tested. However, its effi-
cacy was less pronounced in TNBC cell lines exhibiting 
characteristics of cancer stem cells, such as decreased 
E-cadherin expression and increased expression of Snail 
or Twist, which are associated with resistance. In vivo, 
everolimus showed a pronounced antitumor effect in a 
basal-like breast cancer xenograft model, underscoring 
its potential as a therapeutic option for this particularly 
aggressive and difficult-to-treat breast cancer subtype 
[77]. The combination of Everolimus (Ever) and Letro-
zole (Let) has demonstrated a potent inhibitory effect 
on human breast cancer stem cells, as evidenced by vari-
ous experiments. This combined therapy significantly 
reduced the proliferation of breast cancer stem cells, as 
shown by the higher sensitivity of these cells to the com-
bination treatment compared to either drug alone, with 
a notable decrease in IC50 values indicating increased 
effectiveness. The combination therapy also significantly 
increased early apoptosis rates and a more substantial 
accumulation of cells in the G0-G1 phase of the cell cycle, 
highlighting its ability to halt cell division and promote 
cell death. Additionally, in soft agar colony formation 
assays and in vivo xenograft tumor models, the combined 
use of Ever and Let led to a marked reduction in colony 
formation and tumor volume, respectively, underscoring 
its potential to inhibit the oncogenic capabilities of breast 
cancer stem cells. Immunohistochemical analyses further 
confirmed the combination’s efficacy, with significant 
downregulation of markers associated with cell prolifera-
tion and survival pathways, including Ki67, AKT1, phos-
pho-AKT (Thr308), and mTOR, indicating a profound 
impact on signaling pathways critical for breast cancer 
stem cell maintenance and resistance (Fig. 3) [78].

VS-5584
VS-5584, a potent inhibitor targeting the PI3K and 
mTOR pathways, demonstrates a multifaceted approach 



Page 14 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

Tr
ea

tm
en

t
Ca

nc
er

 ty
pe

D
ru

g 
ty

pe
Ta

rg
et

 g
en

es
M

od
el

H
ig

hl
ig

ht
s

Re
f.

Ev
er

ol
im

us
Tr

ip
le

-n
eg

at
iv

e 
br

ea
st

 
ca

nc
er

 c
el

ls 
(b

as
al

-li
ke

)
m

TO
R 

in
hi

bi
to

r
PT

EN
, p

-A
KT

, A
kt

, p
-

m
TO

R,
 m

TO
R,

 p
-S

6,
 S

6,
 

p-
4E

BP
1,

 a
nd

 4
EB

P1

In
 v

iv
o 

an
d 

In
 

vi
tr

o

“R
es

ist
an

t c
el

l l
in

es
 te

nd
ed

 to
 sh

ow
 c

ha
ra

ct
er

ist
ic

s o
f c

an
ce

r s
te

m
 

ce
lls

, w
ith

 d
ec

re
as

ed
 E

-c
ad

he
rin

 e
xp

re
ss

io
n 

an
d 

th
e 

in
cr

ea
se

d 
ex

pr
es

sio
n 

of
 S

na
il 

or
 T

w
ist

.”
Re

du
ce

d 
Tu

m
or

 V
ol

um
e

 [7
7]

Ev
er

ol
im

us
 +

 L
et

ro
zo

le
Br

ea
st

 c
an

ce
r M

CF
-7

/A
ro

 
st

em
 c

el
ls

m
TO

R 
in

hi
bi

to
r +

 A
ro

m
at

as
e 

in
hi

bi
to

r
KI

67
, C

D
31

, A
KT

1,
 

ph
os

ph
o-

AK
T 

(T
hr

30
8)

, a
nd

 m
TO

R

In
 v

iv
o 

an
d 

In
 

vi
tr

o

In
cr

ea
se

 in
 G

1 
ce

ll 
cy

cl
e 

ar
re

st
 a

nd
 in

cr
ea

se
s i

n 
ea

rly
 a

po
pt

os
is

“E
ve

ro
lim

us
 h

as
 e

ffe
ct

iv
e 

in
hi

bi
tio

n 
on

 a
ro

m
at

as
e-

ov
er

ex
pr

es
sin

g 
st

em
 c

el
l i

n 
vi

tr
o 

an
d 

in
 v

iv
o”

 [7
8]

VS
-5

58
4

M
D

A-
M

B-
23

1 
tr

ip
le

-n
eg

a-
tiv

e 
br

ea
st

 c
an

ce
r

PI
3K

/m
TO

R 
D

ua
l I

nh
ib

ito
r

PI
3K

/m
TO

R
In

 v
iv

o 
an

d 
In

 
vi

tr
o

By
 in

hi
bi

tin
g 

PI
3K

 a
nd

 m
TO

R,
 V

S-
55

84
 d

isr
up

ts
 c

rit
ic

al
 si

gn
al

in
g 

pa
th

w
ay

s i
nv

ol
ve

d 
in

 c
el

l g
ro

w
th

, s
ur

vi
va

l, 
an

d 
se

lf-
re

ne
w

al
, t

hu
s 

se
le

ct
iv

el
y 

de
pl

et
in

g 
CS

C 
po

pu
la

tio
ns

 in
 b

re
as

t c
an

ce
r m

od
el

s.

 [7
9]

PF
-0

46
91

50
2

Pa
tie

nt
 d

er
iv

ed
 B

CS
C 

cu
ltu

re
s

PI
3K

/m
TO

R 
D

ua
l I

nh
ib

ito
r

p-
AK

T,
 p

-S
6K

1,
 p

-S
6R

P, 
p-

4E
-B

P1
In

 v
itr

o
- T

am
ox

ife
n 

ac
tiv

at
ed

 g
en

es
 re

la
te

d 
to

 ri
bo

so
m

e 
sy

nt
he

sis
 a

nd
 

m
RN

A 
tr

an
sla

tio
n 

in
 C

SC
s.

- T
am

ox
ife

n 
in

du
ce

d 
m

TO
R 

sig
na

lin
g 

in
 C

SC
s, 

po
te

nt
ia

lly
 p

ro
m

ot
-

in
g 

th
ei

r g
ro

w
th

.
- m

TO
R 

in
hi

bi
to

rs
, e

sp
ec

ia
lly

 P
F-

04
69

15
02

, s
up

pr
es

se
d 

ta
m

ox
ife

n-
in

du
ce

d 
m

TO
R 

ac
tiv

at
io

n 
an

d 
re

du
ce

d 
CS

C 
gr

ow
th

.
- T

ar
ge

tin
g 

m
TO

R 
sig

na
lin

g 
m

ay
 o

ffe
r a

 p
ro

m
isi

ng
 st

ra
te

gy
 to

 
ov

er
co

m
e 

en
do

cr
in

e 
re

sis
ta

nc
e 

in
 b

re
as

t c
an

ce
r.

 [8
0]

B5
91

BC
SC

s
Pa

n-
PI

3K
 in

hi
bi

to
r

PI
3K

, A
kt

 a
nd

 m
TO

R,
 

m
TO

RC
1 

(S
6K

1,
 

rib
os

om
al

 S
6 

pr
ot

ei
n)

, 
eI

F4
E 

an
d 

4E
-B

P1
.

In
 v

iv
o 

an
d 

In
 

vi
tr

o

In
 m

ou
se

 m
od

el
s, 

B5
91

 re
du

ce
s t

um
or

 b
ur

de
n,

 e
lim

in
at

es
 C

SC
s, 

an
d 

de
la

ys
 tu

m
or

 re
cu

rre
nc

e.
B5

91
 sh

ow
s s

yn
er

gi
st

ic
 e

ffe
ct

s w
ith

 c
he

m
ot

he
ra

py
, s

ug
ge

st
in

g 
pr

om
ise

 fo
r c

om
bi

na
tio

n 
th

er
ap

y.

 [8
1]

N
VP

-B
EZ

23
5

BC
SC

s
PI

3K
/A

KT
/m

TO
R 

du
al

 in
hi

bi
to

r
PI

3K
/A

KT
/m

TO
R

In
 v

itr
o

IL
-6

 p
re

tr
ea

tm
en

t e
nh

an
ce

d 
th

e 
effi

ca
cy

 o
f N

VP
-B

EZ
23

5 
in

 d
e-

cr
ea

sin
g 

ce
ll 

vi
ab

ili
ty

.
N

VP
-B

EZ
23

5 
se

ns
iti

ze
d 

TN
BC

 c
el

ls 
to

 ra
di

ot
he

ra
py

, e
sp

ec
ia

lly
 w

he
n 

co
m

bi
ne

d 
w

ith
 S

RT
17

20
 a

nd
 IL

-6
 p

re
tr

ea
tm

en
t,

 [8
2]

N
VP

-B
EZ

23
5

Ba
sa

l-l
ik

e 
br

ea
st

 c
an

ce
r

PI
3K

/A
KT

/m
TO

R 
du

al
 in

hi
bi

to
r

PI
3K

/A
KT

/m
TO

R
In

 v
itr

o
In

 c
om

bi
na

tio
n 

w
ith

 JA
Ki

, f
ai

ls 
to

 su
pp

re
ss

 st
em

 g
en

e 
ex

pr
es

sio
n 

in
 B

CS
Cs

, i
nc

lu
di

ng
 m

ar
ke

rs
 su

ch
 a

s O
C

T4
, S

O
X2

, N
AN

O
G

, a
nd

 
AL

PL
.

 [8
3]

BE
Z2

35
 a

nd
 M

LN
12

8
TN

BC
 a

nd
 C

SC
s

PI
3K

/A
KT

 a
nd

 m
TO

R 
in

hi
bi

to
rs

PI
3K

 a
s w

el
l a

s 
m

TO
RC

1 
an

d 
m

TO
RC

2
In

 v
iv

o 
an

d 
In

 
vi

tr
o

BE
Z2

35
 a

nd
 M

LN
12

8 
tr

ea
tm

en
t l

ed
 to

 th
e 

en
ric

hm
en

t o
f a

 c
el

l 
po

pu
la

tio
n 

w
ith

 c
an

ce
r s

te
m

 c
el

l-l
ik

e 
pr

op
er

tie
s i

n 
TN

BC
.

Th
e 

tr
ea

tm
en

ts
 in

ad
ve

rt
en

tly
 a

ct
iv

at
ed

 N
ot

ch
1 

sig
na

lin
g 

in
 T

N
BC

 
ce

lls
.

 [8
4]

PK
I-4

02
M

CF
-7

 a
nd

 B
CS

Cs
D

ua
l i

nh
ib

ito
r o

f t
he

 P
I3

K/
m

TO
R

G
SK

-3
b,

 P
D

K1
, P

RA
S4

0,
 

AM
PK

a,
 a

nd
 m

TO
R

In
 v

itr
o

PK
I-4

02
 c

om
bi

ne
d 

w
ith

 IR
 in

cr
ea

se
s d

ou
bl

e-
st

ra
nd

 b
re

ak
s (

D
SB

s)
 

in
 tr

ip
le

-n
eg

at
iv

e 
BC

 c
el

ls 
(M

D
A-

M
B-

23
1)

, a
s i

nd
ic

at
ed

 b
y 

el
ev

at
ed

 
le

ve
ls 

of
 c

-H
2A

X,
 su

gg
es

tin
g 

en
ha

nc
ed

 e
ffi

ca
cy

 a
ga

in
st

 th
is 

ag
-

gr
es

siv
e 

su
bt

yp
e.

 [6
7]

Tr
as

tu
zu

m
ab

BT
47

4 
hu

m
an

 b
re

as
t 

ca
nc

er
 c

el
l l

in
es

An
ti-

H
ER

2 
m

on
oc

ol
on

al
 a

nt
ib

od
y

Ki
67

, C
D

31
, a

nd
 A

KT
1

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Co
m

bi
ni

ng
 e

ve
ro

lim
us

 w
ith

 tr
as

tu
zu

m
ab

 si
gn

ifi
ca

nt
ly

 e
nh

an
ce

s 
th

e 
in

hi
bi

tio
n 

of
 b

re
as

t C
SC

 g
ro

w
th

 c
om

pa
re

d 
to

 e
ith

er
 d

ru
g 

al
on

e.
 T

hi
s c

om
bi

na
tio

n 
th

er
ap

y 
de

m
on

st
ra

te
s s

up
er

io
r e

ffi
ca

cy
 in

 
re

du
ci

ng
 tu

m
or

 si
ze

 in
 a

 x
en

og
ra

ft 
an

im
al

 m
od

el
.

Th
e 

co
m

bi
na

tio
n 

tr
ea

tm
en

t i
nd

uc
es

 c
el

l c
yc

le
 a

rre
st

 a
nd

 a
po

pt
os

is 
in

 b
re

as
t C

SC
s, 

eff
ec

tiv
el

y 
re

du
ci

ng
 th

ei
r c

lo
no

ge
ni

ci
ty

 in
 v

itr
o.

 [8
5]

Ta
bl

e 
1 

Th
er

ap
eu

tic
s t

ar
ge

tin
g 

m
TO

R 
sig

na
lin

g 
pa

th
w

ay
 in

 b
re

as
t c

an
ce

r s
te

m
 c

el
ls



Page 15 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

Tr
ea

tm
en

t
Ca

nc
er

 ty
pe

D
ru

g 
ty

pe
Ta

rg
et

 g
en

es
M

od
el

H
ig

hl
ig

ht
s

Re
f.

D
in

ut
ux

im
ab

TN
BC

 a
nd

 B
CS

Cs
An

ti-
G

D
2 

m
on

oc
ol

on
al

 a
nt

ib
od

y
G

D
2 

an
d 

m
TO

R
In

 v
iv

o 
an

d 
In

 
vi

tr
o

D
in

ut
ux

im
ab

 tr
ea

tm
en

t i
nh

ib
its

 a
dh

es
io

n,
 m

ig
ra

tio
n,

 a
nd

 m
am

-
m

os
ph

er
e 

fo
rm

at
io

n 
in

 G
D

2-
po

sit
iv

e 
BC

SC
s.

D
in

ut
ux

im
ab

 in
hi

bi
ts

 th
e 

m
TO

R 
sig

na
lin

g 
pa

th
w

ay
 in

 G
D

2-
po

sit
iv

e 
ce

lls
, d

isr
up

tin
g 

ce
llu

la
r s

ig
na

lin
g 

m
ec

ha
ni

sm
s a

ss
oc

ia
te

d 
w

ith
 

pr
ol

ife
ra

tio
n 

an
d 

su
rv

iv
al

.

 [8
7]

BI
BR

15
32

BC
SC

s
Se

le
ct

iv
e 

te
lo

m
er

as
e 

in
hi

bi
to

r
hT

ER
T 

an
d 

m
TO

R
In

 v
itr

o
BI

BR
15

32
 in

du
ce

s c
el

l c
yc

le
 a

rre
st

, p
ar

tic
ul

ar
ly

 in
 th

e 
G

2/
M

 p
ha

se
, 

in
 B

CS
Cs

, i
nd

ic
at

in
g 

its
 a

bi
lit

y 
to

 d
isr

up
t c

el
l p

ro
lif

er
at

io
n 

an
d 

po
te

nt
ia

lly
 h

al
t t

um
or

 g
ro

w
th

.
BI

BR
15

32
 m

od
ul

at
es

 th
e 

ex
pr

es
sio

n 
of

 g
en

es
 a

ss
oc

ia
te

d 
w

ith
 th

e 
m

TO
R 

pa
th

w
ay

, a
 k

ey
 re

gu
la

to
r o

f c
el

l p
ro

lif
er

at
io

n,
 m

et
ab

ol
ism

, 
an

d 
dr

ug
 re

sis
ta

nc
e.

 [9
7]

AZ
D

45
47

M
aS

Cs
FG

FR
s i

nh
ib

ito
r

FG
FR

s, 
Ak

t, 
m

TO
R,

 E
RK

s, 
an

d 
W

nt
/β

-c
at

en
in

In
 v

iv
o 

an
d 

In
 

vi
tr

o

AZ
D

45
47

 su
pp

re
ss

es
 F

G
FR

, A
kt

, E
rk

1/
2,

 m
TO

R,
 a

nd
 W

nt
/β

-c
at

en
in

 
pa

th
w

ay
s, 

in
di

ca
tin

g 
m

ul
tip

le
 m

ec
ha

ni
sm

s f
or

 it
s a

nt
i-c

an
ce

r 
eff

ec
ts

.
AZ

D
45

47
 in

du
ce

s a
rc

hi
te

ct
ur

al
 c

ha
ng

es
 in

 m
am

m
ar

y 
du

ct
s, 

re
-

du
ce

s d
uc

ta
l g

ro
w

th
 a

nd
 d

en
sit

y, 
an

d 
de

cr
ea

se
s c

el
l p

ro
lif

er
at

io
n.

 [9
8]

M
et

fo
rm

in
 +

 H
yp

er
th

er
m

ia
M

CF
-7

 B
CS

Cs
An

tid
ai

be
tic

m
TO

R,
 A

M
PK

, E
rb

B2
In

 v
itr

o
M

et
fo

rm
in

 in
 c

om
bi

na
tio

n 
w

ith
 h

yp
er

th
er

m
ia

 re
du

ce
s C

SC
 

po
pu

la
tio

ns
, a

s e
vi

de
nc

ed
 b

y 
de

cr
ea

se
d 

CD
44

hi
gh

/C
D

24
lo

w
 c

el
l 

pr
op

or
tio

ns
 a

nd
 in

hi
bi

tio
n 

of
 sp

he
re

 fo
rm

at
io

n.
En

ha
nc

ed
 c

yt
ot

ox
ic

ity
 a

ga
in

st
 b

re
as

t c
an

ce
r c

el
ls,

 in
cl

ud
in

g 
BC

SC
s, 

is 
ob

se
rv

ed
 w

ith
 th

e 
co

m
bi

ne
d 

tr
ea

tm
en

t, 
at

tr
ib

ut
ed

 to
 A

M
PK

/
m

TO
R 

m
od

ul
at

io
n.

 [1
14

]

M
et

fo
rm

in
TI

Cs
An

tid
ai

be
tic

Er
bB

2,
 P

I3
K/

Ak
t p

at
h-

w
ay

, I
G

F-
1R

, m
TO

R,
 

an
d 

St
at

3

In
 v

iv
o 

an
d 

In
 

vi
tr

o

M
et

fo
rm

in
 d

ow
nr

eg
ul

at
es

 E
rb

B2
/P

I3
K/

Ak
t p

at
hw

ay
 a

nd
 in

hi
bi

ts
 

ac
tiv

at
io

n 
of

 IG
F-

1R
, m

TO
R,

 a
nd

 S
ta

t3
 in

 m
am

m
ar

y 
tis

su
es

.
M

et
fo

rm
in

 p
re

tr
ea

tm
en

t e
ffe

ct
iv

el
y 

su
pp

re
ss

es
 th

e 
in

iti
at

io
n 

an
d 

gr
ow

th
 o

f E
rb

B2
-o

ve
re

xp
re

ss
in

g 
tu

m
or

s i
n 

a 
sy

ng
en

ei
c 

gr
af

t 
m

ou
se

 m
od

el
.

Er
bB

2 
sig

na
lin

g 
is 

cr
iti

ca
l f

or
 m

ai
nt

ai
ni

ng
 se

lf-
re

ne
w

al
 a

nd
 p

ro
lif

-
er

at
io

n 
of

 C
SC

s, 
an

d 
m

et
fo

rm
in

 p
re

fe
re

nt
ia

lly
 ta

rg
et

s t
hi

s p
at

hw
ay

 
in

 C
SC

s, 
di

sr
up

tin
g 

th
ei

r g
ro

w
th

 a
nd

 su
rv

iv
al

 m
ec

ha
ni

sm
s.

 [1
01

]

M
et

fo
rm

in
M

CF
-7

 a
nd

 F
Sa

II
An

tid
ai

be
tic

AM
PK

, m
TO

R,
 S

6K
1,

 
an

d 
4E

BP
1 

an
d

In
 v

itr
o

By
 ta

rg
et

in
g 

bo
th

 th
e 

bu
lk

 tu
m

or
 c

el
ls 

an
d 

th
e 

CS
Cs

, m
et

fo
rm

in
 

ho
ld

s t
he

 p
ro

m
ise

 o
f i

m
pr

ov
in

g 
pa

tie
nt

 o
ut

co
m

es
 b

y 
no

t o
nl

y 
sh

rin
ki

ng
 tu

m
or

s b
ut

 a
lso

 re
du

ci
ng

 th
e 

lik
el

ih
oo

d 
of

 re
cu

rre
nc

e 
an

d 
m

et
as

ta
sis

.

 [2
3]

Bu
fo

rm
in

M
ic

e 
SK

BR
3 

an
d 

BT
47

4 
ce

lls
An

tid
ai

be
tic

m
TO

R,
 e

rb
B-

2/
PI

3K
/A

kt
, E

R,
 a

nd
 

W
nt

/β
-c

at
en

in

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Bu
fo

rm
in

 h
as

 b
ee

n 
sh

ow
n 

to
 e

ffe
ct

iv
el

y 
re

du
ce

 th
e 

‘st
em

ne
ss

’ 
ch

ar
ac

te
ris

tic
s o

f c
an

ce
r c

el
ls,

 w
hi

ch
 in

cl
ud

e 
th

e 
ab

ili
ty

 to
 in

iti
at

e 
tu

m
or

s, 
pr

ol
ife

ra
te

, a
nd

 re
sis

t c
on

ve
nt

io
na

l t
he

ra
pi

es
.

 [1
02

]

Ta
bl

e 
1 

(c
on

tin
ue

d)

 



Page 16 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

Tr
ea

tm
en

t
Ca

nc
er

 ty
pe

D
ru

g 
ty

pe
Ta

rg
et

 g
en

es
M

od
el

H
ig

hl
ig

ht
s

Re
f.

Th
io

rid
az

in
e+

 C
ar

bo
pl

at
in

CS
Cs

 a
nd

 T
N

BC
An

tip
sy

ch
ot

ic
 +

 C
he

m
ot

he
ra

py
PI

3K
/A

kt
/m

TO
R,

 E
R,

 
G

RP
78

, a
nd

 C
H

O
P

In
 v

iv
o 

an
d 

In
 

vi
tr

o

TH
Z 

ta
rg

et
s C

SC
s b

y 
an

ta
go

ni
zi

ng
 d

op
am

in
e 

re
ce

pt
or

s, 
le

ad
in

g 
to

 
CS

C 
de

st
ru

ct
io

n.
Th

e 
co

m
bi

na
tio

n 
th

er
ap

y 
re

du
ce

s l
un

g 
m

et
as

ta
sis

 a
nd

 in
hi

bi
ts

 
tu

m
or

 v
as

cu
la

riz
at

io
n,

 fu
rt

he
r e

nh
an

ci
ng

 it
s a

nt
i-t

um
or

 e
ffi

ca
cy

.
TH

Z 
an

d 
CB

P 
co

m
bi

na
tio

n 
th

er
ap

y 
in

hi
bi

ts
 th

e 
PI

3K
/m

TO
R 

pa
th

w
ay

 a
nd

 in
du

ce
s e

nd
op

la
sm

ic
 re

tic
ul

um
 (E

R)
 st

re
ss

-m
ed

ia
te

d 
ap

op
to

sis
.

TH
Z 

an
d 

CB
P 

co
m

bi
na

tio
n 

th
er

ap
y 

eff
ec

tiv
el

y 
re

du
ce

s t
he

 p
op

ul
a-

tio
n 

of
 C

SC
s w

ith
in

 tu
m

or
s

 [1
03

]

SB
-6

99
,5

51
Br

ea
st

 tu
m

or
 in

iti
at

in
g 

ce
lls

An
ta

go
ni

st
s o

f t
he

 se
ro

to
ni

n 
re

ce
pt

or
 5

 A
AK

T,
 P

RA
S4

0,
 C

RE
B,

 
an

d 
FO

XO
1

In
 v

iv
o 

an
d 

In
 

vi
tr

o

SB
-6

99
,5

51
 re

du
ce

s t
um

or
sp

he
re

 fo
rm

at
io

n 
an

d 
ex

 v
iv

o 
tu

m
or

 
in

iti
at

io
n,

 in
di

ca
tin

g 
a 

de
cr

ea
se

 in
 B

TI
C 

ac
tiv

ity
.

D
isr

up
ts

 si
gn

al
in

g 
pa

th
w

ay
s d

ow
ns

tr
ea

m
 o

f 5
-H

T5
A,

 p
ar

tic
ul

ar
ly

 
th

e 
G

αi
/o

-c
ou

pl
ed

 p
at

hw
ay

 a
nd

 th
e 

PI
3K

/A
KT

/m
TO

R 
ax

is.

 [1
04

]

U
rs

ol
ic

 A
ci

d
BC

SC
Pe

nt
ac

yc
lic

 tr
ite

rp
en

e
AG

O
2,

 F
AK

/P
I3

K/
Ak

t/
m

TO
R,

 P
TE

N
 a

nd
 

c-
M

yc
 s

In
 v

itr
o

UA
 re

du
ce

s t
he

 fr
ac

tio
n 

of
 B

CS
Cs

 b
y 

de
cr

ea
sin

g 
th

e 
ex

pr
es

sio
n 

of
 

ke
y 

st
em

ne
ss

 m
ar

ke
rs

 su
ch

 a
s A

BC
G

2,
 N

an
og

, O
ct

4,
 a

nd
 C

D
13

3.
Tr

ea
tm

en
t w

ith
 U

A 
su

pp
re

ss
es

 th
e 

m
ig

ra
tio

n 
an

d 
in

va
sio

n 
ca

pa
-

bi
lit

ie
s o

f b
re

as
t c

an
ce

r c
el

ls,
 a

tt
rib

ut
ed

 to
 d

ow
nr

eg
ul

at
io

n 
of

 m
i-

cr
oR

N
As

 m
iR

-9
 a

nd
 m

iR
-2

21
, w

hi
ch

 p
ro

m
ot

e 
EM

T 
an

d 
m

et
as

ta
sis

.

 [8
9]

Pe
nt

ad
ec

an
oi

c 
Ac

id
M

CF
 −

 7
/S

Cs
O

dd
 −

 ch
ai

n 
sa

tu
ra

te
d 

fa
tt

y 
ac

id
EG

FR
, m

TO
R,

 R
as

, a
nd

 
M

AP
K

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Re
se

ar
ch

 in
di

ca
te

s t
ha

t p
en

ta
de

ca
no

ic
 a

ci
d 

in
hi

bi
ts

 st
em

ne
ss

 
ch

ar
ac

te
ris

tic
s a

nd
 in

du
ce

s a
po

pt
os

is 
in

 h
um

an
 b

re
as

t c
ar

ci
no

m
a 

M
CF

-7
 st

em
 c

el
ls.

Pe
nt

ad
ec

an
oi

c 
ac

id
 in

hi
bi

ts
 m

TO
R 

sig
na

lin
g,

 le
ad

in
g 

to
 su

pp
re

s-
sio

n 
of

 c
el

l p
ro

lif
er

at
io

n 
an

d 
in

du
ct

io
n 

of
 a

po
pt

os
is 

in
 M

CF
-7

/S
Cs

.

 [9
0]

D
io

sc
in

BC
SC

St
er

oi
da

l g
lu

co
sid

e 
sa

po
ni

n
p5

3,
 p

21
, C

D
K4

, c
yc

lin
 

D
, C

D
K2

, a
nd

 c
yc

lin
 

E +
 A

kt
/m

TO
R

In
 v

itr
o

D
io

sc
in

 in
hi

bi
ts

 B
CS

C 
pr

ol
ife

ra
tio

n,
 m

ig
ra

tio
n,

 in
va

sio
n,

 a
nd

 c
ol

on
y 

fo
rm

at
io

n,
 p

ot
en

tia
lly

 h
in

de
rin

g 
m

et
as

ta
sis

 a
nd

 re
cu

rre
nc

e.
 [9

1]

So
ph

or
id

in
e

BC
SC

s
N

at
ur

al
 a

lk
al

oi
d

Ba
x,

 B
cl

-2
, c

as
pa

se
-3

, 
PA

RP
, L

C3
, p

62
, B

ec
lin

 
1,

 A
KT

, 4
EB

P1
, a

nd
 

p7
0S

6K

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Th
es

e 
co

m
po

un
ds

 in
du

ce
 a

po
pt

os
is,

 a
rre

st
 c

el
l c

yc
le

 a
t G

1-
ph

as
e,

 
an

d 
st

im
ul

at
e 

au
to

ph
ag

y 
in

 c
an

ce
r c

el
ls 

vi
a 

m
TO

R 
Pa

th
w

ay
 

In
hi

bi
tio

n

 [9
2]

G
in

se
no

sid
e 

Rg
3

BC
SC

s
Pa

na
x 

gi
ns

en
g 

de
riv

ia
te

s
AK

T/
m

TO
R,

 in
cl

ud
in

g 
4E

-B
P1

, R
PS

6,
 P

70
S6

K,
 

PR
AS

40
, R

af
-1

, a
nd

 
RS

K1

In
 v

iv
o 

an
d 

In
 

vi
tr

o

M
ol

ec
ul

ar
 st

ud
ie

s r
ev

ea
le

d 
th

ei
r a

bi
lit

y 
to

 re
du

ce
 p

ho
sp

ho
ry

la
tio

n 
of

 k
ey

 p
ro

te
in

s d
ow

ns
tr

ea
m

 o
f t

he
 A

KT
/m

TO
R 

pa
th

w
ay

, i
nc

lu
di

ng
 

4E
-B

P1
, R

PS
6,

 P
70

S6
K,

 P
RA

S4
0,

 R
af

-1
, a

nd
 R

SK
1.

Th
es

e 
eff

ec
ts

 c
on

tr
ib

ut
e 

to
 th

e 
in

hi
bi

tio
n 

of
 T

N
BC

 c
el

l m
ig

ra
-

tio
n,

 re
du

ct
io

n 
of

 B
CS

C 
ch

ar
ac

te
ris

tic
s, 

an
d 

su
pp

re
ss

io
n 

of
 tu

m
or

 
gr

ow
th

 o
bs

er
ve

d 
bo

th
 in

 v
itr

o 
an

d 
in

 v
iv

o.

 [9
3]

M
at

ch
a 

gr
ee

n 
te

a
BC

SC
s

G
re

en
 te

a 
ca

te
ch

in
s

PI
3K

/A
kt

/m
TO

R-
 p

53
 

an
d 

RB
1-

In
 v

itr
o

M
G

T 
tr

ea
tm

en
t r

ed
uc

es
 m

am
m

os
ph

er
e 

fo
rm

at
io

n,
 in

di
ca

tin
g 

its
 

ab
ili

ty
 to

 h
in

de
r C

SC
-m

ed
ia

te
d 

tu
m

or
ig

en
es

is.
M

G
T 

in
du

ce
s m

et
ab

ol
ic

 re
pr

og
ra

m
m

in
g 

in
 c

an
ce

r c
el

ls,
 le

ad
in

g 
to

 
de

cr
ea

se
d 

m
ito

ch
on

dr
ia

l m
et

ab
ol

ism
 a

nd
 g

ly
co

ly
sis

.

 [9
4]

Ta
bl

e 
1 

(c
on

tin
ue

d)

 



Page 17 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

Tr
ea

tm
en

t
Ca

nc
er

 ty
pe

D
ru

g 
ty

pe
Ta

rg
et

 g
en

es
M

od
el

H
ig

hl
ig

ht
s

Re
f.

Ex
tr

a-
vi

rg
in

 o
liv

e 
oi

l 
(E

VO
O

)
BC

SC
s

O
le

a 
eu

ro
pa

ea
 L

.
m

TO
R,

 D
N

M
Ts

, 
AL

D
H

1A
1

In
 v

iv
o 

an
d 

In
 

vi
tr

o

At
 th

e 
ce

llu
la

r l
ev

el
, D

O
A 

su
pp

re
ss

es
 C

SC
s’ 

ab
ili

ty
 to

 fo
rm

 
tu

m
or

sp
he

re
s.

M
ol

ec
ul

ar
ly

, D
O

A 
ac

ts
 a

s a
n 

AT
P-

co
m

pe
tit

iv
e 

in
hi

bi
to

r o
f m

TO
R,

 a
 

cr
uc

ia
l p

at
hw

ay
 in

 C
SC

 m
ai

nt
en

an
ce

.
D

O
A 

co
m

pe
te

s w
ith

 S
-a

de
no

sy
l m

et
hi

on
in

e 
(S

AM
) t

o 
in

hi
bi

t D
N

A 
m

et
hy

ltr
an

sf
er

as
es

 (D
N

M
Ts

), 
di

sr
up

tin
g 

ep
ig

en
et

ic
 re

gu
la

tio
n 

as
-

so
ci

at
ed

 w
ith

 C
SC

 p
he

no
ty

pe
s.

D
O

A 
sy

ne
rg

ist
ic

al
ly

 in
te

ra
ct

s w
ith

 o
th

er
 d

ru
gs

 li
ke

 ra
pa

m
yc

in
 a

nd
 

5-
az

ac
yt

id
in

e,
 e

nh
an

ci
ng

 it
s a

nt
i-C

SC
 e

ffe
ct

s.

 [9
5]

Q
ue

rc
et

in
BC

SC
s (

CD
44

+
/C

D
24

−
)

Fr
ui

ts
, v

eg
et

ab
le

s, 
nu

ts
, a

nd
 se

ed
s

PI
3K

/A
kt

/m
TO

R/
ER

α,
 

Cy
cl

in
D

1,
 B

ax
, a

nd
 

Bc
l-2

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Q
ue

rc
et

in
 tr

ea
tm

en
t s

ig
ni

fic
an

tly
 in

hi
bi

te
d 

th
e 

vi
ab

ili
ty

, p
ro

lif
er

a-
tio

n,
 a

nd
 se

lf-
re

ne
w

al
 c

ap
ac

ity
 o

f B
CS

Cs
 in

 v
itr

o.
In

 v
iv

o 
ex

pe
rim

en
ts

 u
sin

g 
m

ou
se

 m
od

el
s d

em
on

st
ra

te
d 

th
at

 q
ue

r-
ce

tin
 re

du
ce

d 
tu

m
or

 g
ro

w
th

 a
nd

 m
et

as
ta

tic
 p

ot
en

tia
l o

f C
D

44
+

/
CD

24
 −

 B
CS

Cs
.

 [9
6]

Aq
ue

ou
s N

yc
ta

nt
he

s a
r-

bo
rt

ris
tis

 a
nd

 d
ox

or
ub

ic
in

BC
SC

s p
ac

lit
ax

el
-re

sis
ta

nt
Co

nj
ug

at
ed

 g
ol

d 
na

no
pa

rt
ic

le
s

m
TO

R 
an

d 
N

CO
A4

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Ce
llu

la
r R

O
S 

le
ve

ls 
w

er
e 

sig
ni

fic
an

tly
 in

cr
ea

se
d 

in
 tr

ea
te

d 
ce

lls
.

Si
gn

ifi
ca

nt
 in

cr
ea

se
s i

n 
ap

op
to

tic
 c

el
l p

op
ul

at
io

ns
 w

er
e 

ob
se

rv
ed

 
up

on
 tr

ea
tm

en
t.

RT
-P

CR
 a

nd
 im

m
un

ofl
uo

re
sc

en
ce

 a
na

ly
se

s d
em

on
st

ra
te

d 
th

e 
in

-
du

ct
io

n 
of

 fe
rr

iti
no

ph
ag

y, 
ev

id
en

ce
d 

by
 th

e 
su

pp
re

ss
io

n 
of

 m
TO

R 
an

d 
up

re
gu

la
tio

n 
of

 L
C-

3B
, l

ea
di

ng
 to

 fe
rr

iti
n 

de
gr

ad
at

io
n 

an
d 

po
te

nt
ia

lly
 e

nh
an

ci
ng

 c
el

l d
ea

th
 m

ec
ha

ni
sm

s.

 [1
08

]

Ps
eu

do
la

ric
 a

ci
d 

B
TN

BC
 B

CS
Cs

Co
nj

ug
at

ed
 fe

rr
iti

n 
na

no
pa

rt
ic

le
s

EG
FR

/m
TO

R-
 T

fR
In

 v
iv

o 
an

d 
In

 
vi

tr
o

In
hi

bi
tio

n 
of

 m
TO

R 
pa

th
w

ay
 to

 e
nh

an
ce

 fe
rro

pt
os

is 
an

d 
re

du
ce

 
TN

BC
 c

el
l v

ia
bi

lit
y.

U
pr

eg
ul

at
io

n 
of

 tr
an

sf
er

rin
 re

ce
pt

or
 (T

fR
) e

xp
re

ss
io

n 
by

 P
AB

 to
 

in
cr

ea
se

 in
tr

ac
el

lu
la

r i
ro

n 
ac

cu
m

ul
at

io
n 

an
d 

in
du

ce
 fe

rro
pt

ot
ic

 c
el

l 
de

at
h.

Se
le

ct
iv

e 
ta

rg
et

in
g 

of
 T

N
BC

 c
el

ls,
 le

ad
in

g 
to

 in
hi

bi
tio

n 
of

 tu
m

or
 

gr
ow

th
 b

ot
h 

in
 v

itr
o 

an
d 

in
 v

iv
o.

M
in

im
al

 to
xi

ci
ty

 to
 n

or
m

al
 c

el
ls 

an
d 

or
ga

ns
, h

ig
hl

ig
ht

in
g 

th
e 

po
te

nt
ia

l o
f L

/P
@

Fe
rr

iti
n 

na
no

pa
rt

ic
le

s a
s a

 sa
fe

 a
nd

 e
ffe

ct
iv

e 
th

er
ap

eu
tic

 st
ra

te
gy

 fo
r T

N
BC

.

 [1
09

]

Q
Au

N
P 

+
 N

IR
BC

SC
s

H
yb

rid
 n

an
op

ar
tic

le
PI

3K
/A

KT
/

m
TO

R-
 H

SP
-7

0/
TG

F-
β

In
 v

iv
o 

an
d 

In
 

vi
tr

o

Q
Au

N
P 

+
 N

IR
 tr

ea
tm

en
t i

n 
P-

BC
SC

s r
es

ul
te

d 
in

 d
ow

nr
eg

ul
at

io
n 

of
 

th
e 

PI
3K

/A
KT

/m
TO

R 
pa

th
w

ay
 in

 H
U

VE
Cs

, a
cc

om
pa

ni
ed

 b
y 

re
du

ce
d 

ni
tr

ic
 o

xi
de

 (N
O

) p
ro

du
ct

io
n.

In
 v

iv
o 

st
ud

ie
s u

sin
g 

pa
tie

nt
-d

er
iv

ed
 x

en
og

ra
ft 

(P
D

X)
 m

ou
se

 m
od

-
el

s s
ho

w
ed

 a
 si

gn
ifi

ca
nt

 d
ec

re
as

e 
in

 tu
m

or
 v

ol
um

e 
an

d 
do

w
n-

re
gu

la
tio

n 
of

 a
ng

io
ge

ni
c 

m
ar

ke
rs

, i
nc

lu
di

ng
 H

SP
-7

0,
 T

G
F-

β,
 A

N
G

-1
, 

an
d 

AN
G

-2
, u

po
n 

Q
Au

N
P 

+
 N

IR
 tr

ea
tm

en
t.

 [1
10

]

Ta
bl

e 
1 

(c
on

tin
ue

d)
 



Page 18 of 31Zhang et al. Stem Cell Research & Therapy          (2025) 16:156 

in targeting breast CSCs and influencing tumor dynam-
ics. By inhibiting PI3K, it disrupts crucial signaling cas-
cades involved in cell proliferation and survival while 
targeting mTOR further impairs cell growth and sur-
vival mechanisms. This dual inhibition extends to CSCs, 
a subpopulation notoriously resistant to conventional 
therapies, thus addressing a critical challenge in cancer 
treatment. By disrupting the self-renewal and survival 
pathways vital for CSC maintenance, VS-5584 selec-
tively depletes CSC populations in breast cancer models. 
Additionally, its potential impact on the tumor micro-
environment, including angiogenesis and immune eva-
sion, further contributes to its therapeutic efficacy. This 
comprehensive molecular mechanism positions VS-5584 
as a promising candidate for breast cancer therapy, with 

implications for overcoming resistance and improving 
treatment outcomes (Fig. 3) [79].

PF-04691502
PF-04691502 is a dual inhibitor targeting both mTOR 
and PI3K, two key signaling pathways implicated in can-
cer progression and therapeutic resistance. In the context 
of BCSCs, PF-04691502 has been shown to significantly 
reduce mammosphere formation, which is indicative of 
BCSC self-renewal capacity. Additionally, PF-04691502 
effectively attenuates the tamoxifen-induced activation of 
mTOR signaling in BCSCs, suggesting its potential as a 
therapeutic agent to counteract the deleterious effects of 
tamoxifen on BCSC expansion and endocrine resistance. 
This dual inhibitor presents a promising strategy for tar-
geting BCSCs and overcoming resistance mechanisms in 

Fig. 3  Targeting the PI3K/Akt/mTOR Pathway in BCSCs with synthetic drugs: This figure depicts synthetic inhibitors targeting the PI3K/Akt/mTOR pathway 
in BCSCs to reduce survival, proliferation, and resistance. Key agents include Everolimus (mTOR inhibitor) and dual inhibitors (e.g., VS-5584, NVP-BEZ235) 
that block both PI3K and mTOR, disrupting mammosphere formation and self-renewal. Other inhibitors, like PKI-402 and B591, enhance radiosensitivity 
and apoptosis in BCSCs. These targeted therapies inhibit essential pathways for BCSC maintenance, aiming to overcome tumor initiation, therapeutic 
resistance, and recurrence
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breast cancer, offering new avenues for improved thera-
peutic interventions (Fig. 3) [80].

B591
B591 is a newly developed pan-PI3K inhibitor with high 
selectivity against Class I isoforms of PI3K, identified 
for its potent inhibition of the PI3K/Akt/mTOR signal-
ing pathway critical for CSC maintenance and viability. 
Through its mechanism of action, B591 effectively sup-
presses downstream effectors involved in cell survival, 
proliferation, and CSC maintenance. Specifically, it 
inhibits the phosphorylation of Akt at Thr308, leading 
to subsequent suppression of mTORC1 and mTORC2 
signaling cascades. B591 exhibits preferential targeting 
of CSCs over bulk tumor cells, as evidenced by its ability 
to inhibit mammosphere formation, reduce expression 
of CSC markers (such as ALDH, CD44, BMI1, SOX2, 
and Nanog), and suppress tumor-seeding ability both 
in vitro and in vivo. Moreover, B591 demonstrates effi-
cacy in reducing tumor burden, eliminating CSCs, and 
delaying tumor recurrence in mouse xenograft models 
of breast cancer. This dual action of B591, targeting both 
CSCs and the mTOR pathway, holds significant prom-
ise for improving cancer therapy outcomes, particularly 
in addressing tumor relapse and metastasis. Further 
research is warranted to fully elucidate its therapeutic 
potential and explore its clinical applicability in cancer 
treatment strategies (Fig. 3) [81].

NVP-BEZ235
NVP-BEZ235 is a compound known as a dual PI3K and 
mTOR inhibitor. It works by blocking signaling pathways 
involved in cell growth and survival, particularly those 
mediated by PI3K/AKT/mTOR. In the context of breast 
cancer, NVP-BEZ235 has shown promise as a thera-
peutic agent, particularly in TNBC, which is known for 
its aggressiveness and resistance to conventional thera-
pies. One notable aspect of NVP-BEZ235’s mechanism 
is its ability to affect BCSCs. Studies have demonstrated 
that NVP-BEZ235 can decrease the percentage of CSCs 
within breast cancer cell populations. This effect is cru-
cial as CSCs are believed to contribute significantly to 
tumor recurrence and metastasis. By targeting CSCs, 
NVP-BEZ235 holds potential for improving treatment 
outcomes in breast cancer, particularly in TNBC, where 
CSCs are thought to play a significant role in therapy 
resistance and disease progression [82]. NVP-BEZ235, 
demonstrates notable efficacy in reducing cell growth 
and survival in BCSCs, as evidenced by decreased cell 
numbers in both growth and recovery assays. Moreover, 
Western blot analysis confirms its ability to attenuate 
AKT activation, a key downstream effector of the PI3K 
pathway. Importantly, NVP-BEZ235 treatment induces 
apoptosis in BCSCs, as indicated by the upregulation of 

apoptotic genes and the observed increase in apoptotic 
cells via flow cytometry. However, despite its cytotoxic 
effects and ability to induce apoptosis, NVP-BEZ235 fails 
to suppress stem gene expression in BCSCs, as markers 
such as OCT4, SOX2, NANOG, and ALPL remain unaf-
fected. This persistence of stem gene expression suggests 
that while NVP-BEZ235 effectively targets the prolifera-
tive capacity of BCSCs, additional strategies may be nec-
essary to specifically target the stem cell population and 
mitigate the risk of recurrence (Fig. 3) [83].

MLN128
BEZ235 and MLN128 are targeted anticancer agents 
designed to inhibit specific pathways crucial for cancer 
cell survival and proliferation. BEZ235 is a dual inhibi-
tor of PI3K and mTOR, affecting both the PI3K/AKT/
mTOR pathway and directly targeting the kinase domains 
of mTORC1 and mTORC2 complexes. This broad target-
ing approach allows BEZ235 to potently suppress tumor 
growth by inhibiting critical signaling pathways involved 
in cell proliferation, survival, and metabolism. MLN128 
appears to similarly target the mTOR pathways, specifi-
cally inhibiting the TORC1/2 complexes, which are criti-
cal components of the mTOR signaling cascade. In the 
BCSCs, both BEZ235 and MLN128 influence their sur-
vival and proliferation. These compounds, through the 
inhibition of mTORC1/2, inadvertently promote the sur-
vival of CSCs in TNBC by activating Notch1 signaling, a 
pathway known for its role in maintaining CSC proper-
ties and promoting drug resistance. Thus, while BEZ235 
and MLN128 effectively target and inhibit key growth 
and survival pathways in cancer cells, their impact on 
TNBC also involves the unintended consequence of 
enriching a CSC-like population, highlighting the com-
plexity of targeting such deeply integrated signaling net-
works in cancer therapy (Fig. 3) [84].

PKI-402
PKI-402 is a small molecule ATP-competitive dual 
inhibitor of the PI3K/mTOR survival pathway, known 
for its ability to suppress specific mutations in the PI3K-
a enzyme and mTOR, thereby inhibiting downstream 
effector proteins like phosphorylated Akt (p-Akt; T308) 
responsible for tumor cell growth. In breast cancer, PKI-
402 demonstrates significant inhibitory effects on cell 
proliferation across various cell lines, including MCF-7 
and MDA-MB-231. Notably, it exhibits stronger inhi-
bition in non-stem cancer cells compared to BCSCs. 
However, despite its differential impact on proliferation, 
PKI-402 enhances the radiosensitivity of both MCF-7 
and BCSCs, reducing their colony formation ability 
when combined with ionizing radiation (IR). This sug-
gests that while PKI-402 may not directly target BCSCs 
as effectively as other cancer cells, it can sensitize them 
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to radiation therapy, potentially by modulating survival 
pathways and enhancing the efficacy of DNA damage-
inducing treatments (Fig. 3) [67].

Monoclonal antibodies
Monoclonal antibodies (mAbs) are lab-made molecules 
designed to mimic the immune system’s ability to target 
specific cells or molecules involved in disease processes. 
These antibodies, called “monoclonal” because they are 
produced by identical immune cells derived from a sin-
gle parent cell, are engineered to bind to precise targets 
on cells, such as proteins or other molecules. Trastu-
zumab, is an example of a monoclonal antibody used in 
cancer treatment, particularly for HER2-positive breast 
cancer. Trastuzumab targets and blocks HER2, which 
is overexpressed in HER2-positive breast cancer cells. 
The therapeutic potential of combining everolimus, an 
mTOR inhibitor, with trastuzumab, an anti-HER2 mono-
clonal antibody, in treating HER2-positive breast cancer, 
particularly in targeting BCSCs has been investigated. 
HER2-positive breast cancer is known for its aggressive-
ness and resistance to conventional therapies, includ-
ing trastuzumab. Everolimus, as an mTOR inhibitor, has 
shown promise in cancer treatment by inhibiting cell 
proliferation and survival. Researchers explored whether 
combining everolimus with trastuzumab could enhance 
the efficacy of targeting CSCs, which are believed to play 
crucial roles in tumor initiation, metastasis, and resis-
tance to therapies. The results demonstrate that both 
everolimus and trastuzumab exhibit inhibitory effects on 
breast CSC growth, with everolimus being less effective 
than trastuzumab alone. However, combining everolimus 
with trastuzumab significantly enhances the inhibition of 
breast CSC growth compared to either drug alone. This 
combination therapy also induces cell cycle arrest and 
apoptosis in breast CSCs and effectively reduces their 
clonogenicity in vitro. Moreover, in a xenograft animal 
model, the combination treatment demonstrates supe-
rior efficacy in reducing tumor size compared to indi-
vidual drug treatments. Immunohistochemical analysis 
reveals alterations in markers associated with cell pro-
liferation and angiogenesis in response to the combina-
tion therapy, further supporting its therapeutic potential 
[85]. Combination therapy involving trastuzumab with 
either BKM120, a pan-class I PI3K inhibitor, or RAD001, 
an mTOR inhibitor, demonstrates significant efficacy 
in targeting CSCs in breast cancer. Trastuzumab, when 
combined with BKM120, exhibits synergistic effects in 
inhibiting CSC growth and reducing the generation of 
drug-resistant CSCs. Additionally, the combination of 
trastuzumab with RAD001 shows similar synergistic 
effects in suppressing CSC proliferation and inhibiting 
CSC-mediated tumor formation. These combinations 
not only inhibit the PI3K/Akt/mTOR signaling pathway, 

which is crucial for CSC survival and proliferation, but 
also demonstrate enhanced efficacy in suppressing CSC-
derived tumor growth in xenograft models. These find-
ings highlight the potential of combination therapies 
involving trastuzumab with BKM120 or RAD001 as 
promising strategies for targeting CSCs and overcom-
ing therapy resistance in breast cancer [86]. Similarly, 
dinutuximab is a monoclonal antibody that targets GD2, 
a ganglioside expressed on the surface of certain cancer 
cells, particularly BCSCs. This antibody binds specifi-
cally to GD2-positive cancer cells, inhibiting their adhe-
sion, migration, and mammosphere formation, which 
are characteristic features associated with BCSCs. Addi-
tionally, dinutuximab treatment leads to the inhibition of 
the mTOR signaling pathway within GD2-positive cells, 
thereby disrupting their cellular signaling mechanisms 
involved in proliferation and survival. Furthermore, when 
combined with activated natural killer (NK) cells, dinu-
tuximab enhances its therapeutic efficacy by promoting 
antibody-dependent cell-mediated cytotoxicity (ADCC), 
inducing apoptosis in GD2-positive cancer cells. This 
dual mechanism of action suggests dinutuximab as a 
promising therapeutic agent for targeting and inhibiting 
cancer stem cells, particularly in TNBC, offering poten-
tial benefits for improved treatment outcomes (Fig.  4) 
[87].

Natural products
Research into the potential of natural products for target-
ing the mTOR pathway in cancer treatment has gained 
momentum. Natural compounds such as salidroside, ori-
donin, curcumin, and others have been investigated for 
their ability to modulate mTOR activity with promising 
results. These compounds offer potential advantages, 
including fewer adverse effects compared to conventional 
mTOR inhibitors. Studies have shown that natural prod-
ucts can inhibit mTOR signaling and exert anticancer 
effects through various mechanisms, including regula-
tion of upstream regulators like PTEN and Akt, as well 
as direct inhibition of mTOR complexes. Additionally, 
researchers are exploring combinatorial approaches 
involving natural compounds and conventional therapies 
to enhance efficacy and mitigate potential side effects. 
While clinical trials involving natural products targeting 
mTOR are limited, ongoing preclinical studies demon-
strate the potential of these compounds as alternative or 
adjunct therapies for cancer treatment, warranting fur-
ther investigation into their safety and efficacy in clinical 
settings (Fig. 5) [88].

Ursolic acid
Ursolic acid (UA) is a pentacyclic triterpene derived 
from medicinal herbs, fruits, and vegetables, renowned 
for its diverse biological activities, including potential 
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anti-cancer properties. In the context of breast cancer, 
UA demonstrates significant inhibitory effects on CSCs, 
particularly in TNBC, a subtype associated with aggres-
siveness and limited treatment options. UA treatment 
leads to a reduction in the fraction of BCSCs, as evi-
denced by decreased expression of key stemness mark-
ers such as ABCG2, Nanog, Oct4, and CD133. Moreover, 
UA suppresses the migration and invasion capabilities 
of breast cancer cells, attributed to its ability to down-
regulate microRNAs miR-9 and miR-221, which promote 
EMT and metastasis. Mechanistically, UA enhances the 
expression of PTEN while inhibiting the AGO2-mediated 
FAK/PI3K/Akt/mTOR signaling pathway, thereby imped-
ing CSC characteristics and EMT progression [89].

Pentadecanoic acid
Pentadecanoic acid (C15:0) is an odd-chain saturated 
fatty acid found naturally in certain plants, fish, dairy fats, 
and meats. It has shown promising anticancer effects, 
particularly in human breast carcinoma MCF-7 stem 
cells (MCF-7/SCs). Research indicates that pentadeca-
noic acid inhibits stemness characteristics and induces 
apoptosis in MCF-7/SCs via modulation of the mTOR 
signaling pathway. Pentadecanoic acid’s inhibition of 
mTOR signaling leads to suppression of cell proliferation, 

induction of apoptosis, and inhibition of tumor growth in 
MCF-7/SCs. This suggests that pentadecanoic acid may 
serve as a potential therapeutic agent for targeting cancer 
stem cells in breast carcinoma through its modulation of 
the mTOR pathway, offering a novel approach for breast 
cancer treatment [90].

Dioscin
Dioscin, a steroidal glucoside saponin found in various 
plants, marine organisms, and bacteria, exhibits signifi-
cant anticancer properties against breast cancer, particu-
larly targeting BCSCs. Dioscin demonstrates inhibition 
of BCSC proliferation, migration, invasion, and colony 
formation, indicative of its potential to hinder metasta-
sis and recurrence. Moreover, it induces cell cycle arrest 
in BCSCs, impacting key regulatory proteins such as p53, 
p21, CDK4, cyclin D, CDK2, and cyclin E, thus disrupt-
ing cell cycle progression. Additionally, dioscin inhibits 
the AKT/mTOR signaling pathway, essential for cancer 
cell growth and survival, further contributing to its anti-
cancer effects. These findings suggest that dioscin holds 
promise as a therapeutic agent for breast cancer by tar-
geting BCSCs and crucial signaling pathways involved 
in cancer progression, offering potential avenues for 
improved treatment strategies [91].

Fig. 4  Targeted PI3K/Akt/mTOR Pathway inhibition using Monoclonal Antibody Therapy in BCSCs. This schematic illustrates the use of synthetic inhibi-
tors and monoclonal antibodies to target the PI3K/Akt/mTOR signaling pathway in breast cancer stem cells. The HER2 receptor, overexpressed in HER2-
positive breast cancers, activates PI3K/Akt signaling, leading to mTOR pathway activation, which promotes cell growth and proliferation. Trastuzumab, 
a monoclonal antibody targeting HER2, combined with RAD001 (an mTOR inhibitor) or everolimus, enhances apoptosis, reduces cell division, and de-
creases tumor size. Combining trastuzumab with PI3K inhibitors like BKM120 shows synergistic effects in reducing CSC growth, drug resistance, and 
proliferation. Additionally, dinutuximab, an antibody targeting GD2, disrupts CSC functions by inhibiting adhesion, migration, and mammosphere forma-
tion, further enhancing apoptosis. This figure highlights the potential therapeutic efficacy of monoclonal antibody combinations in inhibiting CSC-driven 
tumor growth and overcoming therapy resistance in aggressive breast cancers, including triple-negative and HER2-positive subtypes
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Sophoridine
Sophoridine derivatives are synthesized compounds 
based on sophoridine, a natural alkaloid with diverse bio-
logical activities, including anti-inflammatory, antivirus, 
and antitumor effects. In the context of breast cancer, 
these derivatives have been investigated for their poten-
tial to target BCSCs and modulate the mTOR pathway. 
Sophoridine derivatives have demonstrated promising 
cytotoxic activity against BCSCs, inducing apoptosis 
and inhibiting cell proliferation through various mecha-
nisms, including modulation of apoptotic proteins (e.g., 
Bax, Bcl-2), cell cycle arrest, and induction of autophagy. 

Additionally, these derivatives have been found to inhibit 
the mTOR signaling pathway, which plays a crucial role 
in regulating cell growth, proliferation, and survival. By 
targeting both BCSCs and mTOR signaling, sophoridine 
derivatives hold potential as effective therapeutic agents 
for breast cancer treatment, particularly against aggres-
sive subtypes such as TNBC [92].

Ginsenosides
SRg3 and RRg3 are epimers of ginsenoside Rg3 extracted 
from Panax ginseng, each exhibiting distinct anti-cancer 
properties. In the context of breast cancer, SRg3 and 

Fig. 5  Naturally occurring products that inhibit mTOR in BCSCs. This figure illustrates the inhibitory effects of various natural compounds on the mTOR 
pathway in breast cancer. Compounds like quercetin, C3 (combination of SRg3 and RRg3), ursolic acid, dioscin, sophoridine, pentadecanoic acid, matcha 
green tea (MGT), and decarboxymethyl oleuropein aglycone (DOA) derived from extra-virgin olive oil inhibit mTOR activity through modulation of up-
stream regulators, including PTEN and Akt. These compounds reduce cancer cell viability, proliferation, migration, invasion, and self-renewal of BCSCs by 
disrupting key processes such as glycolysis and DNA methylation, inducing apoptosis, and reducing mammosphere formation. Mechanistic pathways 
involve inhibition of the PI3K/Akt/mTOR axis, highlighting their potential as adjunctive or alternative therapies for breast cancer, particularly in aggressive 
subtypes like TNBC
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RRg3 have been investigated for their potential to target 
BCSCs via the mTOR pathway. SRg3 selectively inhib-
its proliferation and blocks aquaporin 1 (AQP1) water 
channel, crucial for cancer cell proliferation, migration, 
and invasion. On the other hand, RRg3 inhibits the inva-
sion of breast cancer cells. Through response surface 
methodology (RSM) modeling, an optimal combination 
of SRg3 and RRg3 (C3) was determined to effectively 
inhibit TNBC cell migration. This combination treat-
ment significantly reduced mammosphere formation 
efficiency (MFE) and the proportion of BCSCs express-
ing CD44+/CD24 − phenotype in TNBC cell lines. Fur-
thermore, molecular studies revealed that C3 treatment 
reduced phosphorylation of key proteins downstream of 
the AKT/mTOR signaling pathway, including 4E-BP1, 
RPS6, P70S6K, PRAS40, Raf-1, and RSK1, suggesting its 
potential to disrupt mTOR-mediated pathways crucial 
for BCSC self-renewal and tumor progression. These 
effects collectively contribute to the inhibition of TNBC 
cell migration, reduction of BCSC characteristics, and 
suppression of tumor growth observed both in vitro and 
in vivo [93].

Matcha green tea
Matcha green tea (MGT) is a type of powdered green tea 
known for its rich antioxidant content, particularly epi-
gallocatechin-3-gallate (EGCG), which has been impli-
cated in various health benefits. In the context of breast 
cancer, MGT has attracted attention for its potential 
therapeutic effects. Recent studies have demonstrated 
that MGT can effectively inhibit the propagation of 
BCSCs. MGT treatment significantly reduces the for-
mation of mammospheres, a hallmark of CSC activity, 
indicating its ability to hinder BCSCs-mediated tumori-
genesis. Furthermore, MGT exerts its effects on breast 
cancer cells by modulating the mTOR signaling pathway. 
Through the downregulation of mTOR pathway com-
ponents and related proteins, MGT induces metabolic 
reprogramming in cancer cells, leading to decreased 
mitochondrial metabolism and glycolysis. These findings 
suggest that MGT holds promise as a natural product for 
breast cancer therapy, targeting BCSCs and disrupting 
mTOR-mediated cellular processes to impede tumor pro-
gression [94].

Extra-virgin olive oil
Phenol-conjugated oleosidic secoiridoids found in extra 
virgin olive oil (EVOO) represent a group of bioactive 
phytochemicals with potential anti-cancer properties, 
particularly against BCSCs. These compounds, such as 
decarboxymethyl oleuropein aglycone (DOA), have been 
identified as potent inhibitors of BCSCs function through 
various cellular and molecular mechanisms. At the cellu-
lar level, DOA suppresses the functional traits of CSCs, 

including their ability to form tumorspheres, thereby 
hindering their self-renewal capacity. Molecularly, DOA 
acts as an ATP-competitive inhibitor of mTOR, a key sig-
naling pathway involved in CSC maintenance, and com-
petes with S-adenosyl methionine (SAM) to inhibit DNA 
methyltransferases (DNMTs), thereby disrupting epigen-
etic regulation associated with BCSCs phenotypes. Addi-
tionally, DOA synergistically interacts with other drugs 
like rapamycin and 5-azacytidine, further enhancing its 
anti-BCSCs effects. Overall, phenol-conjugated oleo-
sidic secoiridoids from EVOO offer a promising avenue 
for targeting BCSCs, providing new insights into cancer 
therapy [95].

Quercetin
Quercetin, a flavonoid compound abundant in fruits 
and vegetables, exhibits a spectrum of pharmacological 
activities, including antioxidant and anti-cancer proper-
ties. Particularly significant in breast cancer research is 
its potential to target BCSCs, notably those characterized 
by the CD44+/CD24 − phenotype, which are implicated 
in tumor initiation, progression, and therapy resistance. 
Studies have demonstrated that quercetin treatment 
inhibits the viability, proliferation, and self-renewal 
capacity of BCSCs, leading to reduced tumor growth 
and metastatic potential in preclinical in vivo models. 
Mechanistically, quercetin exerts its anti-BCSC effects by 
modulating key signaling pathways such as the PI3K/Akt/
mTOR pathway. These findings underscore the promise 
of quercetin as a novel therapeutic strategy for breast 
cancer, specifically targeting CD44+/CD24 − BCSCs, with 
potential implications for improving treatment outcomes 
and reducing the risk of cancer recurrence and metasta-
sis [96].

Other drugs
Telomerase inhibitors
BIBR1532 is a selective telomerase inhibitor that demon-
strates cytotoxic effects on BCSCs. BIBR1532 inhibits the 
catalytic subunit of telomerase, an enzyme overexpressed 
in cancers, which plays a crucial role in maintaining chro-
mosome stability and promoting cell immortality. Treat-
ment with BIBR1532 induces apoptosis and cell cycle 
arrest, particularly in the G2/M phase, in BCSCs. Addi-
tionally, BIBR1532 downregulates the expression of genes 
associated with the mTOR pathway, which is implicated 
in cell proliferation, metabolism, and drug resistance. 
This dual mechanism of action suggests that BIBR1532 
holds promise as a potential therapeutic agent for target-
ing BCSCs and combating breast cancer progression [97].

FGFR inhibitor
AZD4547 is a potent inhibitor of fibroblast growth fac-
tor receptors (FGFRs) and has shown promise as a 
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preventative and therapeutic agent for ErbB2-overex-
pressing breast cancer. It exerts its effects by targeting 
the FGFR signaling pathway, which is crucial for cell 
proliferation, survival, and differentiation. In breast can-
cer, aberrant FGFR expression can lead to oncogenic 
consequences, including the reprogramming of mam-
mary stem cells (MaSCs) with tumorigenic potential. 
AZD4547 effectively inhibits FGFR activity, suppressing 
downstream signaling pathways such as Akt, Erk1/2, and 
mTOR. Consequently, AZD4547 reduces the percentage 
of CSCs/tumor-initiating cells (TICs) within breast can-
cer cell populations, as evidenced by a decrease in acetal-
dehyde dehydrogenase-positive (ALDH+) cells, a marker 
of TICs, and inhibition of tumorsphere formation, which 
reflects the self-renewal capacity of CSCs/TICs. This abil-
ity of AZD4547 to target stemness in breast cancer cells 
suggests its potential as a therapeutic strategy to mitigate 
tumor initiation, progression, and recurrence [98].

Antidiabetic drugs
Metformin, a widely used anti-diabetic drug, has shown 
promise in targeting BCSCs, which play crucial roles in 
tumor initiation, metastasis, and therapy resistance. Met-
formin affects BCSCs through multiple mechanisms, 
primarily by modulating AMPK and mTOR signaling 
pathways. Activation of AMPK and inhibition of mTOR 
by metformin disrupt cellular processes essential for 
CSC maintenance, such as self-renewal and differentia-
tion. This disruption leads to decreased CSC population, 
impairing tumorigenic growth and enhancing sensitivity 
to anti-cancer treatments. Additionally, metformin’s abil-
ity to induce cell cycle arrest and apoptosis in breast can-
cer cells further contributes to its anti-CSC effects. These 
findings underscore the potential of metformin as an 
adjunctive therapy in breast cancer treatment strategies, 
particularly in targeting CSCs and overcoming tumor 
heterogeneity and therapeutic resistance [99]. Con-
versely, hyperthermia induces cellular stress and disrupts 
cell membrane integrity, resulting in cell death. While 
traditional hyperthermia methods may exhibit limited 
efficacy against CSCs, newer approaches, combined with 
nanoparticles or optically activated agents, have shown 
promise in sensitizing CSCs to therapy. When metfor-
min is combined with hyperthermia, there is a synergistic 
enhancement of cytotoxicity against both breast cancer 
cells and CSCs, potentially due to the complementary 
mechanisms of action targeting mTOR signaling, ulti-
mately leading to improved therapeutic outcomes [100]. 
Metformin exerts its preventive effects on ErbB2-medi-
ated breast cancer development primarily by target-
ing CSCs. Through systemic administration in a mouse 
model of ErbB2 overexpression, metformin selectively 
inhibits CSC subpopulations in preneoplastic mammary 
glands by downregulating the ErbB2/PI3K/Akt pathway 

and inhibiting activation of IGF-1R, mTOR, and Stat3. 
Moreover, metformin pretreatment effectively suppresses 
the initiation and growth of ErbB2-overexpressing 
tumors in a syngeneic graft mouse model. In vitro studies 
further support these findings, demonstrating that met-
formin inhibits proliferation and signaling in ErbB2-over-
expressing breast cancer cells, with a pronounced effect 
on CSCs at low concentrations. These results underscore 
the pivotal role of CSCs in ErbB2-mediated breast cancer 
and highlight metformin’s potential as a preventive agent 
by targeting CSCs and disrupting key signaling pathways 
associated with their maintenance and growth [101]. 
Furthermore, metformin has shown a remarkable capa-
bility to target CSCs, which are known for their resis-
tance to conventional therapies and their role in tumor 
initiation and recurrence. By reducing the proportion of 
CSCs and sensitizing cancer cells to radiation, metformin 
enhances the efficacy of cancer treatments, potentially 
leading to improved patient outcomes by targeting both 
the bulk of the tumor cells and the CSCs responsible for 
relapse and metastasis [23]. Similarly, Buformin, a bigu-
anide antidiabetic agent, has been identified as a poten-
tial therapeutic agent against erbB-2-overexpressing 
breast cancer cells and premalignant mammary tissues 
in MMTV-erbB-2 transgenic mice. Its mode of action 
involves the inhibition of the mitochondrial complex I, 
leading to a decrease in cellular energy levels (ATP) and 
the activation of AMP-activated protein kinase (AMPK). 
This activation subsequently downregulates the mTOR 
pathway, which is crucial for protein synthesis and cell 
growth. By targeting these metabolic and signaling path-
ways, Buformin effectively reduces the ‘stemness’ of can-
cer cells—characteristics that enable the cells to initiate 
tumors, proliferate, and resist conventional therapies. 
Additionally, Buformin’s ability to selectively target can-
cer cells while sparing normal cells makes it a promis-
ing candidate for the development of targeted therapies 
against erbB-2-positive breast cancer, offering a potential 
strategy for preventing the progression of premalignant 
tissues to invasive cancer [102].

Psychiatric drugs
Thioridazine (THZ) is an antipsychotic drug that has 
garnered attention for its inherent anti-tumor effects, 
particularly in targeting CSCs. When combined with 
carboplatin (CBP), a platinum-based chemotherapy 
commonly used in treating TNBC, THZ demonstrates 
synergistic inhibition of TNBC. THZ has been found to 
specifically target breast CSCs by antagonizing dopa-
mine receptors, leading to CSC destruction. Additionally, 
THZ has been shown to induce apoptosis in TNBC cells 
by promoting caspase-mediated apoptotic pathways and 
inducing endoplasmic reticulum (ER) stress. When com-
bined with CBP, THZ enhances the anti-tumor activity, 
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resulting in significant inhibition of TNBC proliferation, 
induction of apoptosis, and suppression of tumor growth 
both in vitro and in vivo. This combination therapy not 
only targets TNBC cells but also effectively reduces the 
population of CSCs within the tumor, thereby inhibit-
ing their tumorigenic potential. The synergistic effects 
of THZ and CBP are mediated through the PI3K/mTOR 
pathway and ER stress, highlighting the potential of this 
combination as an efficient therapeutic approach for 
TNBC treatment [103]. SB-699,551 is a selective antag-
onist of the serotonin receptor 5-HT5A, identified as 
a potential target for inhibiting breast tumor-initiating 
cells (BTICs), which are a subset of cells within breast 
tumors with stem cell-like properties. These BTICs pos-
sess the ability to self-renew and differentiate and are 
resistant to traditional chemotherapy, contributing to 
tumor recurrence. SB-699,551 disrupts signaling path-
ways downstream of 5-HT5A, particularly the Gαi/o-
coupled pathway and the PI3K/AKT/mTOR axis, leading 
to decreased phosphorylation of proteins involved in 
cell survival and proliferation. This disruption ultimately 
reduces the activity of BTICs, as evidenced by functional 
assays demonstrating a decrease in tumorsphere forma-
tion and ex vivo tumor initiation. Additionally, genetic 
manipulation experiments using CRISPR-Cas9-mediated 
knockout of HTR5A, the gene encoding 5-HT5A, further 
confirmed its role in regulating BTIC activity. In preclini-
cal studies, SB-699,551 demonstrated efficacy in reducing 
tumor growth rates and mass in breast tumor xenograft 
models, both alone and in combination with traditional 
chemotherapy agents like docetaxel [104].

Nanoparticles
Nanoparticles revolutionize cancer therapy by enabling 
precise drug delivery, reducing side effects, and enhanc-
ing the efficacy of treatment at the molecular level 
[105–107]. Gold nanoparticles (AuNPs) are nanoscale 
particles made of gold atoms. Due to their unique prop-
erties such as high surface area to volume ratio, biocom-
patibility, and ease of surface functionalization, AuNPs 
have gained attention in various biomedical applications 
including cancer therapy. In the context of paclitaxel-
resistant breast cancer stem cells, AuNPs can be utilized 
as drug delivery vehicles to overcome drug resistance. 
By encapsulating therapeutic agents such as Nyctanthes 
arbortristis (NAT) and doxorubicin, AuNPs can target 
cancer cells, including the resistant stem cell population. 
The molecular and cellular mechanisms underlying their 
efficacy involve several pathways. Firstly, the combina-
tion therapy induces iron-dependent cell death, possibly 
through the induction of ferritinophagy, a process involv-
ing the degradation of ferritin. This leads to increased 
cellular ROS levels, causing mitochondrial disruption 
and sensitizing cancer cells to apoptosis. Furthermore, 

AuNP-loaded drugs inhibit the mTOR pathway, a key 
regulator of cell growth and proliferation, contribut-
ing to the suppression of cancer cell survival and prolif-
eration. Overall, AuNPs offer a multifaceted approach 
to combating paclitaxel-resistant breast cancer stem 
cells by targeting multiple pathways involved in can-
cer progression and resistance, including the regulation 
of mTOR signaling [108]. Similarly, co-loaded lapatinib 
and pseudolaric acid B (PAB) within ferritin nanopar-
ticles (L/P@Ferritin) were developed to target EGFR 
and induce ferroptosis in triple-negative breast cancer 
(TNBC) cells, particularly those in extracellular matrix 
(ECM)-detached clusters. The L/P@Ferritin nanoparti-
cle selectively targeted TNBC cells, leading to enhanced 
ferroptosis and inhibition of tumor growth both in vitro 
and in vivo. Mechanistically, EGFR inhibition by L/P@
Ferritin suppressed TNBC cell viability and reduced can-
cer stemness by modulating mTOR pathway, leading to 
increased intracellular lipid peroxidation and ferroptotic 
cell death. This approach highlights the potential of L/P@
Ferritin nanoparticles as a novel therapeutic strategy for 
eliminating ECM-detached TNBC clusters by target-
ing EGFR and modulating the mTOR pathway to induce 
ferroptosis [109]. Another study investigated the antian-
giogenic potential of quinacrine-gold hybrid nanopar-
ticles (QAuNP) irradiated with near-infrared (NIR) light 
in breast cancer. Using ex vivo models of primary breast 
cancer stem cells (P-BCSCs) and human umbilical vein 
endothelial cells (HUVECs), as well as in vivo chick cho-
rioallantoic membrane (CAM) assay and patient-derived 
xenograft (PDX) mice, the researchers demonstrated that 
QAuNP + NIR treatment significantly reduced P-BCSC 
proliferation and viability, inhibited angiogenesis, and 
decreased the secretion of key cytokines involved in 
angiogenesis within the tumor microenvironment. 
Mechanistically, QAuNP + NIR treatment downregulated 
the PI3K/AKT/mTOR pathway in HUVECs and reduced 
nitric oxide (NO) production, contributing to its antian-
giogenic effects. In PDX mouse models, QAuNP + NIR 
treatment led to reduced tumor volume and downregu-
lation of angiogenic markers. These findings suggest that 
QAuNP + NIR treatment holds promise as a therapeutic 
strategy for inhibiting tumor angiogenesis and progres-
sion in breast cancer [110].

MicroRNA based therapies
The involvement of miRNAs in modulating the PI3K/
AKT/mTOR pathway in breast cancer influences cell 
proliferation, survival, metastasis, and therapy resis-
tance (Reviewed in [111]). Anti-microRNA therapies 
targeting BCSCs focus on inhibiting oncogenic miR-
NAs (oncomiRs) that drive BCSC characteristics such 
as self-renewal, chemoresistance, and metastasis. Key 
oncomiRs like miR-155, miR-181, miR-29a, miR-9, and 
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miR-221 enhance stemness and tumor aggressiveness 
through pathways such as Wnt/β-catenin, Notch, PI3K/
AKT/mTOR, and STAT3. Anti-miRNA strategies aim 
to restore normal regulatory mechanisms by silencing 
these oncomiRs, which can suppress tumor progression, 
reduce BCSC populations, and enhance sensitivity to 
chemotherapy (Reviewed in [112]). The role of miR-100 
as a critical regulator in BCSCs has been highlighted, 
demonstrating its ability to suppress stemness, induce 
luminal markers, and enhance endocrine responsive-
ness through its downstream effects. A significant find-
ing is miR-100’s role in downregulating mTOR, a key 
driver of proliferation and therapy resistance in luminal 
breast cancer. High levels of miR-100 were associated 
with better endocrine therapy response and overall sur-
vival, suggesting its therapeutic potential. These results 
imply that targeting miR-100 pathways, particularly 
through anti-miR-100 therapy, could strategically reacti-
vate mTOR in specific contexts, disrupting BCSC resis-
tance mechanisms and sensitizing tumors to existing 
treatments. This approach warrants further exploration 
as a precision therapy to mitigate endocrine resistance 
in luminal breast cancer [113]. Similarly, targeting miR-
125b can effectively counteract resistance to aromatase 
inhibitors (AIs) in breast cancer by inhibiting the AKT/
mTOR pathway. Specifically, silencing miR-125b in letro-
zole-resistant cells (Res-Let) significantly reduced the 
constitutive activation of the AKT/mTOR pathway and 
restored sensitivity to letrozole treatment. Furthermore, 
combining an AKT inhibitor (MK-2206) with letrozole in 
cells overexpressing miR-125b also successfully re-sensi-
tized them to the AI, demonstrating that the miR-125b-
driven activation of the AKT/mTOR pathway is a critical 
mechanism for resistance [55].

Clinical trials on the role of mTOR inhibitors in 
BCSCs
A clinical trial utilizing sirolimus presented a compel-
ling avenue for combatting BCSCs, particularly given its 
demonstrated efficacy in modulating mammary epithelial 
populations and inhibiting key markers associated with 
early-stage breast cancer progression. Sirolimus, through 
its inhibition of the mTOR signaling pathway, offers a 
targeted approach to disrupt CSC activity, which is cru-
cial for tumor initiation, progression, and recurrence. 
The observed reduction in mammary stem cell (MaSC) 
activity and self-renewal capacity of luminal progeni-
tors underscores sirolimus’ potential to directly impede 
the cellular origins and maintenance of breast cancer. 
By specifically targeting CSCs, sirolimus may disrupt 
the hierarchical organization of tumors, preventing the 
generation of heterogeneous cell populations that drive 
tumor growth and therapeutic resistance. Furthermore, 
the downregulation of proliferation markers like Ki67 

and the increase in cell cycle inhibitor p21 expression 
suggest a shift towards quiescence and reduced replica-
tive potential in CSCs, further hampering their ability 
to propagate and contribute to tumor growth. Impor-
tantly, sirolimus treatment also mitigates the expression 
of senescence-associated secretory phenotype (SASP) 
factors, such as IL-6 and TNFα, which are implicated 
in creating a pro-tumorigenic microenvironment. By 
dampening the SASP, sirolimus may attenuate the inflam-
matory milieu that fosters CSC survival and expansion. 
Thus, the comprehensive effects of sirolimus on CSC 
activity, tumor proliferation, and tumor microenviron-
ment suggest its potential as a promising therapeutic 
strategy against breast cancer, particularly in targeting 
the roots of tumor initiation and progression represented 
by CSCs. Continued investigation and clinical validation 
of sirolimus as a CSC-targeted therapy hold promise for 
improving outcomes in breast cancer patients, poten-
tially offering a novel approach to prevent recurrence and 
enhance overall survival rates [69]. Another clinical trial 
exploring the combination of the bromodomain inhibitor 
OTX015 (MK-8628) with everolimus presents a promis-
ing strategy to target the stemness of cancer cells, partic-
ularly in the context of TNBC. The rationale behind this 
combination lies in the complementary mechanisms of 
action of these two agents and their potential to disrupt 
key pathways involved in CSC maintenance and tumor 
progression. OTX015, as a bromodomain inhibitor, tar-
gets BET proteins (BRD2, BRD3, BRD4) involved in epi-
genetic regulation, thereby influencing the expression 
of genes crucial for CSC self-renewal and survival. By 
disrupting the BET-mediated transcriptional program, 
OTX015 has shown promising preclinical activity in vari-
ous cancer models, including TNBC, by downregulat-
ing stemness markers and impairing CSC function. On 
the other hand, everolimus, an mTOR inhibitor, acts on 
the PI3K-Akt-mTOR pathway, which is frequently dys-
regulated in TNBC and implicated in CSC maintenance 
and tumor progression. By inhibiting mTOR signaling, 
everolimus can suppress CSC proliferation and survival, 
potentially sensitizing them to other therapeutic agents. 
Therefore, the combination of OTX015 and everolimus 
offers a dual-targeted approach to tackle CSCs in TNBC, 
synergistically disrupting key pathways essential for their 
maintenance and survival. This combination therapy 
holds promise for overcoming therapeutic resistance 
and improving outcomes in TNBC patients by targeting 
the root cause of tumor heterogeneity and recurrence. 
Further clinical evaluation of this combination regimen 
is warranted to validate its efficacy and safety in TNBC 
patients [115].
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Conclusion
This comprehensive review highlights the critical role of 
the mTOR pathway in the biology and treatment resis-
tance of BCSCs. Breast cancer remains the most fre-
quently diagnosed cancer globally, significantly impacting 
women’s health and imposing a substantial burden on 
healthcare systems. BCSCs are pivotal in driving tumor 
initiation, metastasis, recurrence, and resistance to con-
ventional therapies, largely due to their ability to self-
renew and adapt to various treatment modalities. Central 
to these processes is the mTOR pathway, which regulates 
essential cellular functions such as growth, metabolism, 
autophagy, and survival. The activation of mTOR signal-
ing in BCSCs promotes their maintenance, enhancing 
their resilience against standard treatments and con-
tributing to aggressive tumor behavior. Mechanistically, 
mTOR facilitates EMT, thereby increasing the invasive-
ness and metastatic potential of BCSCs. In addition, 
mTOR plays a subtype-specific role in regulating BCSCs 
across the molecular subtypes of breast cancer. In lumi-
nal breast cancer, mTOR activation is often linked to 
increased resistance to endocrine therapies by promot-
ing cell survival and metabolic adaptation in BCSCs. 
In HER-2 positive breast cancer, mTOR interacts with 
HER-2 signaling to enhance the survival and self-renewal 
of BCSCs, often driving resistance to HER-2-targeted 
therapies such as trastuzumab. In TNBC, which har-
bors the highest proportion of BCSCs, mTOR activation 
promotes EMT, metabolic reprogramming, and survival 
under therapeutic stress, contributing to the aggressive 
nature of TNBC. These distinct roles highlight the impor-
tance of targeting mTOR to manage therapy resistance 
and disease progression in each subtype. Additionally, 
mTOR orchestrates metabolic reprogramming, favoring 
glycolysis and glutamine metabolism, which are crucial 
for the survival and proliferation of these stem cells. This 
metabolic flexibility not only supports the energetic and 
biosynthetic demands of BCSCs but also underpins their 
ability to thrive in diverse tumor microenvironments. 
Furthermore, mTOR’s regulation of autophagy and fer-
roptosis underscores its dual role in maintaining cellu-
lar homeostasis and mediating programmed cell death, 
presenting opportunities to manipulate these processes 
for therapeutic gain. The interplay between mTOR and 
various molecular pathways, including PI3K/Akt, Notch, 
IGF-1R, AMPK, and TGF-β, reveals a complex network 
that sustains BCSC properties and promotes chemore-
sistance. Non-coding RNAs and regulatory proteins fur-
ther modulate mTOR activity, adding additional layers of 
regulation that influence BCSC behavior and therapeutic 
outcomes. mTOR’s contribution to chemoresistance and 
radioresistance is particularly noteworthy, as it enhances 
survival pathways, drug efflux mechanisms, and DNA 
repair processes in BCSCs, thereby fostering tumor 

progression and treatment failure. Targeting the mTOR 
pathway emerges as a promising therapeutic strat-
egy to disrupt the maintenance and survival of BCSCs. 
Synthetic inhibitors such as Everolimus, VS-5584, and 
NVP-BEZ235 have demonstrated efficacy in reducing 
BCSC viability and tumor growth, especially when used 
in combination with other agents like Trastuzumab. 
Monoclonal antibodies, including Trastuzumab and 
Dinutuximab, show synergistic effects when paired with 
mTOR inhibitors, effectively diminishing BCSC popu-
lations and inhibiting tumor progression. Additionally, 
natural products like Ursolic acid, Pentadecanoic acid, 
and Quercetin offer promising alternatives or adjuncts 
to conventional therapies by modulating mTOR activity 
and targeting BCSC-specific pathways. Other therapeutic 
agents, including telomerase inhibitors, FGFR inhibitors, 
antidiabetic drugs like Metformin, psychiatric drugs, 
and innovative nanoparticle-based approaches, provide 
diverse strategies to disrupt mTOR-mediated survival 
and proliferation of BCSCs. The intricate role of mTOR 
in BCSCs underscores its potential as a central thera-
peutic target in breast cancer treatment. However, the 
complexity of mTOR signaling and its interactions with 
multiple pathways necessitate a multifaceted approach 
to effectively target BCSCs. Combination therapies that 
simultaneously inhibit mTOR and other complementary 
pathways offer the most promising strategy to overcome 
resistance and achieve sustained therapeutic outcomes. 
Future research should focus on personalized medicine 
approaches, tailoring mTOR-targeted therapies based 
on individual patient profiles and specific molecular 
characteristics of their tumors. Additionally, developing 
strategies to counteract resistance mechanisms to mTOR 
inhibitors and expanding clinical evaluations of combina-
tion therapies and novel agents are essential for translat-
ing preclinical findings into effective treatment protocols. 
Identifying reliable biomarkers to monitor mTOR activity 
and BCSC populations will also facilitate early detection 
of therapeutic responses and resistance.

In conclusion, targeting the mTOR pathway presents 
a viable and promising avenue for improving breast can-
cer treatment by effectively eradicating BCSCs, reducing 
tumor recurrence, and enhancing overall patient survival. 
Continued exploration of mTOR’s multifaceted roles and 
the development of innovative therapeutic strategies 
are essential to translate these insights into clinical suc-
cess, ultimately leading to better treatment outcomes for 
breast cancer patients.
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