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Abstract: BC (BC) stemness contributes to aggressive primary tumor progression and increased 
propensity for metastasis. Additionally, BC stem-like cells (BCSCs) immensely contribute to drug 
resistance and relapse. Knowing the biological attributes of BCSCs is vital to employ efficacious 
therapies against them. In this review, we aim to cover the intrinsic characteristics of BCSCs, the 
autocrine signaling and paracrine activation by the available cytokines in the tumor 
microenvironment (TME) and opportunities for targeted therapies both intrinsic and extrinsic to 
BCSCs. Salient actionable molecular targets and vulnerabilities within the BCSCs and their 
surrounding bulk tumor and stromal cell compartments in triple-negative breast (TNBC) will be 
mostly discussed. Enhanced knowledge regarding the BCSCs and their microenvironment will 
enable us to effectively treat late stage and refractory BC. 
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Introduction 

BC (BC) is a complex and heterogeneous disease characterized by the incessant proliferation of 
cancer cells in the breast parenchyma [1]. It is one of the most common cancers affecting women 
worldwide and has a significant morbidity and mortality [2]. However, it can also affect men, albeit 
less frequently [3]. BC can manifest as different subtypes having distinct molecular profile that dictate 
the treatment approaches accordingly [4]. 

Amongst the BC subtypes, triple-negative BC (TNBC) constitutes 10%–15% of BC cases, more 
frequently affecting younger African American (AA) and older European White (EW) or Caucasian 
women [5,6]. It is characterized by aggressive growth, propensity for early metastasis, and limited 
treatment options [7]. Despite advancements in cancer research and therapy, TNBC continues to 
present significant challenges, contributing to its higher rates of recurrence and mortality [8]. 

Heterogeneity in TNBC 

TNBC is clinically classified by its lack of or low expression of estrogen receptor (ER), 
progesterone receptor (PR), and human epidermal growth factor receptor2 (HER2) receptors. 
However, it is characterized by its high metastatic propensity and lethal prognosis. Although patients 
may initially respond to treatments and enter remission, the rate of recurrence is higher in TNBC than 
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in other BC types (TNBC paradox). Both the metastatic and recurrent nature of TNBC can be 
attributed at least in part to BC stem-like cells (BCSCs). The observed heterogeneity led to the 
classification of TNBC further through gene expression profiling [9]. These original classifications 
have been newly refined and termed the TNBCtype-4 [10]. This is to reflect the biologically diverse 
cancers in TNBC that have specific transcriptional and immune cell infiltration profiles. The 
groupings include two basal-like (BL1, BL2), a mesenchymal (M), and a luminal androgen receptor 
(LAR) subtype [10]. Interestingly, recent studies have found expression profiles from different 
Lehmann classifications within the same tumor [11] indicating the heterogenous nature of TNBC. 
These might be useful in predicting a patient’s response to chemotherapeutic agents [10]. 

Patients often receive similar initial treatments regardless of TNBCtype-4 subtype status in the 
cancer clinic. These options consist of surgical resection of the tumor followed by an adjuvant cocktail 
of chemotherapeutic agents or neoadjuvant chemotherapy (NACT) such as taxanes and 
anthracyclines. These are excellent at controlling the levels of bulk tumor cells but with attendant 
severe toxicity [12]. However, such treatments are ineffective against BCSC subpopulation. BCSCs 
are inherently resistant but targeting the transcription factor (TF) sex determining region Y-box 2 
(SOX2) and the efflux drug transporter ATP binding cassette type G2 (ABCG2) sensitized BCSCs to 
therapeutic agents [13,14]. Patients may achieve pathological complete response (pCR) with these 
regimens. When pCR is not accomplished using NACT, it results in minimal residual disease (MRD). 
In MRD, the BCSCs remain viable and can undergo multilineage differentiation and repopulate the 
tumor back with an aggressive, chemoresistant and highly metastatic phenotype [15]. Furthermore, 
in MRD state, some tumors can switch between the subtypes in TNBC-4type after NACT [16]. This 
plasticity could potentially be attributed to BCSCs, governing dedifferentiation and metastasis 
through a variety of mechanisms [17]. 

Although most often the subclassifications in TNBC serve as a norm to calculate the risk factors 
and response to chemotherapy for a given patient, some new metrics are formulated to use as 
inclusion criteria for adopting novel treatments. Novel approaches in subtyping can differentiate the 
extent of tumor infiltrating lymphocytes (TILs) [18]. Future directions aim to predict responses to 
immune checkpoint inhibitors (ICIs) and accentuate existing immune responses through them [19]. 
The KEYNOTE-355 trial showed that TNBC patients late in the disease course that exceeded a certain 
threshold of TILs and programmed death ligand1 (PD-L1) expression were likely to benefit from 
pembrolizumab, an ICI [20]. Regardless of subtype, the KEYNOTE-522 trial demonstrated efficacy of 
pembrolizumab in early TNBC patients to progress to pCR [21]. The results from these trials were 
encouraging and push forth a new wave of ICI therapy clinical trials in TNBC [22]. These trials may 
illustrate the need to further distinguish reliable TNBC subtypes to identify the tumors that are likely 
to respond to specific types of treatments. This is the aim of precision medicine for cancer therapy. 
Not every tumor cell expresses programmed death ligand1 (PD-L1), and these successful clinical 
trials are the only ones targeting subpopulations of tumor cells. Recent evidence suggests that 
immune checkpoints are under tight transcriptional control [23]. Currently, there is no evidence 
pointing to a direct link between immune checkpoints and BCSCs. However, due to the extent of 
plasticity in these subpopulations, it would not be surprising to discover one in the future. 

Metastatic TNBC is characterized by drug resistance, recurrence, vasculogenic mimicry, 
neoangiogenesis and high mortality. 

Through a variety of molecular mechanisms in metastatic TNBC (mTNBC), chemoresistance and 
relapses are observed. Drug resistance poses a significant problem when evaluating treatment 
options for mTNBC due to the ability of the cancer to evade NACT or targeted chemotherapy. One 
of the major mechanisms contributing to chemotherapeutic multidrug resistance (MDR) involves 
amplified expression of a specific protein superfamily, ATP binding cassette (ABC) transporters. 
These are a large superfamily of integral membrane proteins [24] that can transport various molecules 
and xenobiotics across biological membranes. Though such transport is energetically unfavorable, 
these proteins can mediate this by coupling the transport with adenosine triphosphate (ATP) 
hydrolysis [24–26]. When overexpressed, the ABC transporters can efflux out the chemotherapeutic 
drugs leading to a decrease in the intracellular concentration [27–29]. This negatively affects drug 
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efficacy, and thus can lead to MDR. However, if a stable and cytotoxic intracellular level of a 
chemotherapeutic drug can be maintained, the resistance could be overcome [30]. Molecularly, the 
ABC superfamily is comprised of seven subfamily proteins [24] and some specific members within 
the ABC superfamily are found to contribute to this MDR [30]. In the ABC-B subfamily, ATP binding 
cassette group B1 (ABCB1) or P-glycoprotein (P-gp) has been demonstrated to contribute to MDR 
when overexpressed [28,30]. P-gp inhibitors are a potentially effective drug option for TNBC when 
combined with other targeted therapies. However, the recently developed P-gp inhibitors have failed 
due to adverse drug reactions and high toxicity [31]. A recent study showed that biocompatible 
nanocarriers could downregulate the expression of P-gp which could potentiate the 
chemotherapeutic response [32]. Therefore, utilizing this treatment modality appears to be 
promising. 

Although drug efflux pumps are a major component of drug resistance, other mechanisms can 
promote drug resistance in mTNBC. Metabolic adaptations, signaling pathways, and presence of 
BCSCs have profound impact on drug resistance [33,34]. BCSCs are naturally endowed with ABCG2 
drug efflux transporter or BC resistance protein (BCRP) and is a marker for BCSCs. This along with 
ABCB1 makes BCSCs resistant to most NACT. Additionally, physiological changes that occur within 
the tumor microenvironment (TME) affect drug resistance. TME hypoxia is one component that is 
beneficial to the growth of mTNBC because it allows cancer cells to thrive in a low pH or acidic 
microenvironment. This phenomenon not only promotes immune evasion by cancer cells but also 
increases the primary tumor progression and metastatic capability. Additionally, there is an 
upregulation of drug efflux pumps that compromises the uptake of chemotherapeutic drugs [35–37]. 

The drug efflux transporters ABCB1 and ABCG2 specifically have been targeted by tyrosine 
kinase inhibitors (TKIs) in several studies [38–40] and using small molecule inhibitors (SMI) such as 
Elacridar [40] to study MDR in tumors. Using small interfering RNA (siRNA) knockdown approach 
to downregulate ABC transporter expression has shown to induce chemosensitivity in MDA-MB-231 
cells [41]. 

Although the TME hypoxia provides TNBC with drug resistant mechanisms and proliferation 
capabilities, malignant cells ultimately require oxygen and nutrients to survive and continue growth 
[42]. Therefore, the molecular mechanism of neoangiogenesis is essential for the survival of mTNBC. 
Neoangiogenesis is the generation of new blood vessels from the existing vasculature that involves 
the migration, replication and growth of endothelial cells [43]. Vascular endothelial growth factor 
(VEGF) is a potent angiogenic factor. There is an increased expression of VEGF and there are four 
isoforms of VEGF that regulate neoangiogenesis and lymphangiogenesis [43,44]. Specifically, in 
TNBC, the levels of VEGF are significantly higher compared to other types of BC [45,46]. 
Additionally, mTNBC can also assemble tumor vasculature through a process called vasculogenic 
mimicry (VM). In this process the TNBC develops new blood vessels as in neoangiogenesis, however 
the vasculature is lined by tumor cells rather than endothelial cells or a mixture of tumor and 
endothelial cells [47]. In VM, TNBC cells obtain the ability to anastomose with normal systemic 
circulation without the need for endothelial cells [47]. This provides nutrients for continued 
development and contributes to TNBC aggressiveness. 

Given the listed molecular mechanisms and the various properties that metastatic TNBC can 
acquire, there is a high risk of recurrence as well as a high rate of mortality especially among young 
AA and EW patients [48,49]. Specific genetic markers and extrinsic factors potentially contribute to 
worst clinical outcomes [48,50]. In patients diagnosed with early-stage TNBC, up to 50% of them 
experience relapse [51–53]. In comparison, within the United States and Western countries, mTNBC 
has a 5-year survival rate between 4-20% [49,54,55]. Despite the high recurrence and mortality rate of 
mTNBC, currently innovative therapeutic strategies need to be developed to improve prognosis and 
outcome. 

BCSCs and the BC Stemness Markers 

BC stem-like cells (BCSCs) are a subpopulation of tumor cells that express stemness markers and 
possess self-renewal capacity. BCSCs are known to have a high level of cluster of differentiation (CD) 
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CD44 antigen (CD44+) and a low level of CD24 (CD24-) [56]. BCSCs can initiate a tumor and enable 
primary tumor progression and metastasis. CD44 is the plasma membrane-resident adhesive 
receptor for hyaluronic acid and is involved in cell migration and extravasation [57]. CD24 is a small 
glycosylphosphatidylinositol-linked cell surface protein that functions as a ligand of P-selectin and 
regulates cell migration, invasion, and proliferation [58]. In the initial study involving BCSCs, Al-Hajj 
et al. demonstrated that a small subset of tumor cells with CD44+/CD24-/low lineage could generate 
tumors in immunodeficient mice [4]. In contrast, other tumor cells without CD44+/CD24-/low lineage 
failed to initiate tumor formation in similar cells [4]. Furthermore, CD44+/CD24-/low cells from 
human BC exhibited self-renewal, extensive proliferation, formation of clonal mammospheres, a 
hallmark of cancer stemness, and resistance to chemotherapy in vitro [4]. Another key hallmark study 
indicated the role of aldehyde dehydrogenases (ALDHs) in BCSCs in addition to being a marker for 
BCSCs [59]. ALDHs are enzymes responsible for detoxification via oxidation of intracellular 
aldehydes [60]. It is believed that ALDHs play a crucial role in maintenance but also in the 
differentiation of stem-like cells by metabolizing retinal into retinoic acid [60]. In the study by 
Charafe-Jauffret et. al., the stemness of BC cells was demonstrated by isolating ALDH marker-
containing cells via a fluorescent ALDEFLUOR assay [59]. 

While CD44+/CD24-, and ALDHs are the salient biomarkers for BCSCs, other biomarkers such 
as C-X-C chemokine receptor4 (CXCR4), CD49f, CD133, and junctional adhesion molecule A (JAM-
A) have also been identified [61,62]. The presence of CD49f was linked to tumor-initiating properties 
of BCSCs in mice along with enhanced drug resistance to paclitaxel and doxorubicin [63]. CD133, 
also referred to as prominin-1, is a cell surface glycoprotein detected in TNBC and BC gene1 (BRCA1)-
deficient mouse tumors. Increased CD133 levels are associated with an adverse prognosis in patients 
diagnosed with invasive BC [63,64]. 

Characteristics of BCSCs in TNBC 

BCSCs within the TNBC subtype drive high rates of tumorigenicity through the processes of 
self-renewal and differentiation into bulk tumor and stromal cells [65]. Many factors contribute to BC 
stemness. Firstly, TNBCs more commonly lose the negative regulation of the Wnt (wingless-related 
integration site) /β-catenin pathway, adenomatous polyposis coli (APC), ultimately dysregulating the 
normal cell division process. The BCSCs from TNBC appear to rely on ribosomal S6 kinases (RSKs) 
for proliferation and survival that is upregulated by the Y-box binding protein-1 (YB-1) oncogene 
[67], which has an elevated level of expression in aggressive cell lines [68]. 

The dysregulation of self-renewal in BCSCs, as well as the ability to asymmetrically divide, leads 
to tumor heterogeneity that gives rise to cells of highly diverse properties [69]. Importantly, the 
plasticity of BCSCs between epithelial and mesenchymal phenotypes allows cells to evade traditional 
chemo- and radiotherapies resulting in MRD that may be responsible for tumor relapse [70]. Many 
factors expressed at a notably higher level in TNBC have been suggested to be essential for the BC 
stemness, some of which include the c-KIT receptor tyrosine kinase, high mobility group A1 
(HMGA1), delta N Isoform of Tumor Protein 63 (ΔNp63), and Kruppel-like factor5 (KLF5) [66,71]. 
OCT4, SOX2, KLF4 and c-MYC (OSKM) TFs are expressed in many high-grade TNBCs and help to 
maintain pluripotency and cancer stem cell (CSC) activity and poor differentiation [66,72]. Octamer 
binding transcription factor 4 (OCT4) specifically has been linked to both dysplasia and an increase 
in ALDH1 positivity, often marking a poor prognosis [66,70,72]. Meanwhile, SOX2 TF plays a role in 
the promotion of BCSC proliferation and metastasis [72]. 

The Wnt pathway is also heavily involved in stemness through its involvement in the promotion 
of epithelial-mesenchymal transition (EMT) when in an unfavorable environment, which promotes 
mesenchymal characteristics in BCSCs. Alongside many key EMT-promoting gene expression, an 
elevated expression of the frizzled (Fz) Wnt receptor is observed in TNBC. In collaboration with co-
receptor low-density lipoprotein receptor-related protein6 (LRP6), Wnt induces T-cell factor (TCF)-
dependent gene transcription and, therefore, downstream activation of receptor tyrosine kinase-like 
orphan receptor (ROR1). LRP6 is regulated by TF SOX9, which is also elevated in TNBC and in 
normal mammary stem cells. In studies targeting the LRP6 co-receptor, SUM-149 cells displayed 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2024 doi:10.20944/preprints202412.1194.v1

https://doi.org/10.20944/preprints202412.1194.v1


 5 

 

lower CD44, cellular myelocytomatosis (c-MYC), and ALDHs, as well as increased CD24 expression, 
lowered EMT, and decreased self-renewal. ROR1 activation has also been linked to EMT-promotion 
associated with the upregulation of phosphatidyl-inositol (3) kinase/protein kinase B (PI3K/Akt) and 
cyclic AMP response element binding protein (CREB) pathways in studies with the MDA-MB-231 
TNBC cell line. These studies also demonstrated that yes-associated protein1 (YAP1) also induces 
EMT [66]. Besides Wnt pathway, the Notch pathway may play a role in this phenotypic pattern. 
TNBC often displays increased neurogenic locus notch homolog protein4 (Notch4) expression, which 
regulates EMT with signal transducers and activators of transcription3 (STAT3) as well [66]. 

Resistance 

Although radio- and chemotherapies are effective in reducing bulk tumor cells, BCSCs are more 
resistant to such treatments and are therefore left behind to proliferate, directly resulting in the 
recurrence of the tumor in a more drug-resistant form than the initial tumor. TNBC cell lines have 
displayed many distinctive traits to which this resistance may be attributed [73]. One of these 
common traits is the upregulation of the Hedgehog signaling pathway by an increased expression of 
Smoothened receptor (SMO) and induction of glioma-associated oncogene homolog1 (GLI1) [66], 
ultimately increasing expression of ABC transporters [74]. Eukaryotic translation initiation factor 4A1 
(eIF4A1) is also suggested to regulate ABC transporter expression, as well as many other vital 
oncogenic proteins involved in both drug resistance and cancer stemness such as the pluripotency 
TFs (PTFs) SOX2, OCT4, NANOG and survivin [72,75]. Overexpression of WASP-family verprolin-
homologous protein3 (WAVE3), a member of the (Wiskott–Aldrich syndrome protein) WASP/WAVE 
family of actin-cytoskeleton remodeling proteins, has been notably overexpressed in several TNBC 
lines as well as BCSCs. WAVE3 promotes cell migration, direction, and invasion and therefore is a 
strong indicator of TNBC as well as the tumor size, stage, and lymph node metastasis [68]. WAVE3 
is responsible for both anti-apoptotic and chemoresistant properties in cancer cells, as well as 
translocation of the YB-1 TF to the nucleus [68]. Drug-resistant TNBCs have also possessed other 
common traits such as increased expression of Musashi RNA binding protein 1 (MSI1), OCT4, and 
CD44s, as well as elevated rates of fatty acid oxidation regulated by (Janus kinase) JAK/STAT3 
pathway that may be critical in self-renewal and chemoresistance [67,76]. These anti-apoptotic 
properties and increased rates of DNA repair aid in radio-resistance are commonly shared among 
CSC subpopulations. In TNBC, irradiation has been shown to increase ALDEFLOUR+ BCSC 
populations in radio-resistant SUM 149 and SUM 159 cell lines. These SUM 159 cells have displayed 
increased expression of PTFs such as SOX2, OCT4, NANOG, KLF4, and c-MYC that may contribute 
to the ensuing reduction of reactive oxygen species (ROS) levels, the latter being highly indicative of 
a poor prognosis and high CSC activity [66]. Under hypoxic conditions, hypoxia inducible factor 1α 
(HIF-1α) is induced in TNBC and other cancers that indirectly reduces ROS by promoting the 
transcription of ALDH enzymes [77]. The elevated level of OCT4 promoted ALDH levels and 
decreased the pCR to radiotherapy [66]. This results in over 50% of TNBC cases displaying enhanced 
ALDH1 activity [77]. This leads to an increased drug detoxification via metabolic conversion, as well 
as overall decreased oxidative stress within the tumor cells [75], further contributing to a 
characteristically poor prognosis. 

Metastasis 

TNBC is highly metastatic and more often disseminates to the lungs, bones, and brain [70,78]. 
Much of this may be attributed to the previously mentioned process of EMT due to the invasive 
nature of mesenchymal-like BCSCs [66]. Under unfavorable conditions, such as exposure to 
neoadjuvant radio- and chemotherapies, or even under hypoxic conditions, EMT is induced in 
BCSCs, and metastatic attributes are increasingly expressed. Under hypoxic conditions, the TFs HIF-
1α and hypoxia inducible factor 2α (HIF-2α) are upregulated and induce the Wnt signaling pathway 
and SOX2 and c-MYC-dependent gene transcription, respectively [66,77]. This supports EMT, 
pluripotency and metastasis. Certain transfer RNA-derived small non-coding RNAs (tDRs) are also 
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involved in the regulation of hypoxia-induced chemoresistance in TNBC, including tDR-0009 that 
regulates EMT-involved STAT3 activation [70]. 

The C-X-C chemokine receptor 4 (CXCR4) is a marker for BCSCs and is involved in metastases 
of many solid tumor types. CXCR4 mediates directed cell migration in a C-X-C chemokine ligand 12 
(CXCL12)-dependent manner [79,80]. CXCL12, the chemokine ligand for CXCR4, is highly enriched 
in predilection sites such as the lungs and bones. CXCR4 critically regulates the LIM and SH3 protein1 
(LASP1) and argonaute2 (Ago2) interaction that upregulates the expression of C-C chemokine 
receptor 7 (CCR7) in the tumor cells [81]. Tumor cells endowed with an enhanced cell surface 
expression of CCR7 can metastasize to the sentinel or draining lymph nodes as they are highly 
enriched in C-C chemokine ligand 21 (CCL21), the ligand for CCR7. Both CXCR4 and LASP1 are 
upregulated in invasive BC, and LASP1 directly interacts with eIF4A1 and eukaryotic translation 
initiation factor 4B (eIF4B) to increase the translation of oncogenic mRNAs. The resulting 
oncoproteins such as Rho-associated coiled-coil containing protein kinase 1 (ROCK1), survivin, cyclin 
D1, and Mouse double minute 2 homolog (MDM2) are directly associated with cell proliferation, 
migration and invasion [82]. CXCR4-associated LASP1 also notably aids in the stabilization of the 
Snail1 TF responsible for reduced intercellular adhesion and increased migration through the 
induction of EMT [83]. 

Role of ABCG2 and CD133 in Regulating BC Stemness 

BCSCs play a vital role in tumor initiation, aggressiveness, as well as therapeutic resistance. Of 
particular importance to BC stemness is the ABC transporter ABCG2 and the transmembrane 
glycoprotein CD133, also known as Prominin-1 [84]. Given the aggressive nature of TNBC, 
comprehending the roles that ABCG2 and CD133 play in the stemness of BCSCs is vital to improving 
patient outcomes and identifying new therapeutic strategies. 

ABCG2 functions as an efflux pump that utilizes ATP hydrolysis to expel various substances 
such as xenobiotics from the cell. These transporters play a homeostatic and self-defensive role in 
regulating processes such as detoxification and drug resistance [84,85]. ABCG2 transcription is 
increased in hypoxic conditions via the binding of HIF-1α to a hypoxia response element (HRE) in 
the ABCG2 promoter [86], and has also been shown to be synergistically elevated by interleukin 6 
(IL-6) and endoplasmic reticulum (ER) stress in plasma cells [87]. ABCG2 specifically is directly 
responsible for causing multidrug resistance (MDR) to a wide structural variety of anticancer drugs 
and is present in remarkably elevated levels in patients with TNBC who respond poorly to 
chemotherapy [84,85,88,89]. ABC transporters, and especially ABCG2, thus pose a significant obstacle 
to the ability of chemotherapeutic drugs to induce cytotoxicity in BCSCs, thus causing 
chemoresistance [84]. 

The primary role that ABCG2 plays in BC stemness is promoting drug resistance. ABCG2 
expression increases dramatically both in response to the use of chemotherapeutic treatments as well 
as even prior to their use, indicating that it promotes drug resistance, aggressive tumor growth 
metastasis and relapses. One study found that inhibiting ABCG2 using the bromodomain extra-
terminal domain (BET) inhibitor JQ1 led to the loss of cancer stemness in a TNBC model, and 
therefore resulted in better prognosis through restoration of sensitivity to chemotherapy [88]. The 
reported evidence further supports the use of ABCG2 as a biomarker for chemotherapy responses in 
BC patients [90–92]. 

CD133 is a well-known BCSC marker in TNBC and is often employed in isolating BCSCs. It is 
one of the major contributors to the regulation of BC stemness by promoting self-renewal, drug 
resistance, and metastasis. CD133 has an elevated expression in TNBC with a poorer prognosis [93]. 
It promotes the ability of TNBC cells to metastasize to distant organs [84,94]. BCSCs endowed with a 
high expression of CD133 have been shown to proliferate after neoadjuvant hormonal therapy in 
luminal BC [95]. Like ABCG2, CD133 overexpression has been associated with drug resistance, as 
well as repopulation of tumor cells, enhanced repair mechanisms that prevent cell death, and 
epigenetic changes [84,94]. 
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Studies show that vasculogenic mimicry (VM) and CD133 expression are highly related and 
support primary tumor progression and relapse in TNBC [96]. Zhang et al. (2014) demonstrated that 
VM and CD133 are related through hypoxia that is often found in a rapidly growing tumor. 
Antiangiogenic agents can induce hypoxia, which increases the expression of EMT-TF twist family 
BHLH transcription factor 1 (Twist1). Twist1 further increases the population of CD133+ cells, which 
promotes the increase in VM channels, allowing the tumor cells to expand and regrow. CD133 was 
found to be strongly and significantly associated with N-cadherin, an important EMT marker [97]. 
This finding underscores the importance of CD133 in promoting the self-renewal as well as 
invasiveness of tumor cells [93,98]. Through its impact on stemness, CD133 has thus become a highly 
effective and specific target for therapeutic strategies in TNBC. Anti-CD133 antibodies have been 
used extensively in research to enhance chemotherapeutic drug delivery and even lead to the 
elimination of BCSCs [84,94,99]. 

ABCG2 and CD133 both play pivotal roles in regulating BC stemness in TNBC and may serve 
as effective targets for treatment. Their roles in drug resistance, self-renewal, and metastasis 
emphasize their importance and inclusion in therapeutic strategies. However, there is a need for 
further research into the predictive and prognostic value of both biomarkers. 

The Role of the Hippo Pathway Downstream Effectors YAP and TAZ in BC Stem-Like Cells 

Overview of the Hippo Pathway 

The Hippo (or Salvador-Warts-Hippo) pathway is an evolutionarily conserved signaling 
pathway that regulates several processes related to cellular growth, including proliferation, survival, 
differentiation, regeneration, repair, and organ size [100–104]. It was named after the gene hpo, which 
codes a Drosophila melanogaster (fruit fly) kinase called “Hippo” that limits tissue growth [105–107]; 
mutations in this gene lead to uncontrolled proliferation and compromised apoptosis. The first 
components of this pathway were discovered in 1995 in D. melanogaster [108–110]. Since then, more 
than 30 other proteins have been identified as part of this pathway in both mammals and D. 

melanogaster [103]. The core of the mammalian Hippo pathway comprises a cascade of kinases with 
their associated scaffold proteins and culminates with the modulation of the cellular location of two 
transcriptional coactivators: Yes-associated protein (YAP), and transcriptional coactivator with PDZ-
binding motif (TAZ), also known as WW-domain-containing transcription regulator 1 (WWTR1) 
[102,103,111–113]. One of the ways that the pathway can be mechanistically initiated is by thousand 
and one kinases 1-3 (TAOK 1-3), which phosphorylate and activate sterile 20-like kinases 1 and 2 
(MST1/2) – mammalian homologs of Hippo [114,115]. Active MST1/2 phosphorylates the scaffold 
proteins Salvador homolog 1 (SAV1) and monopolar spindle 1 (mps1) binder 1 A and B (MOB1 A/B), 
which assist MST1/2 in the recruitment, phosphorylation, and activation of large tumor suppressor 1 
and 2 (LATS1/2) – mammalian homologs of Warts [116–118]. Interestingly, TAOKs and MAP kinase 
kinase kinase kinases (MAP4Ks) can directly phosphorylate LATS1/2 [119], and MST1/2 [120] and 
LATS1/2 [121] can be activated by autophosphorylation as well. In turn, LATS1/2 phosphorylates 
cytoplasmic YAP/TAZ, causing its sequestration in the cytosolic compartment by binding to 14-3-3 
proteins and posterior ubiquitination and degradation [122]. Thus, the central axis of the pathway is 
the kinases MST1/2 and LATS1/2, which directly regulate the physiological output of the pathway by 
controlling the nuclear translocation of YAP/TAZ, the “acting arms” or effectors of the cascade. The 
cytoplasmic retention and subsequent degradation of YAP and TAZ is regulated by the Hippo 
pathway in response to intrinsic and extrinsic cues and peripheral components to the pathway that 
relay signals to the core kinases [111]. These cues can range from physical (cell-cell contact, cell 
polarity, mechanical signals) to biochemical (soluble factors, G-protein-coupled receptors, stress 
signals, nutrient availability) and have been extensively reviewed elsewhere [110,111,119,123–128]. 
Upon translocation to the nucleus, YAP/TAZ activate transcriptional programs involved in cell 
proliferation and survival [113,128–130]. Therefore, the Hippo pathway acts as a tumor suppression 
network, and its dysfunction has been linked to the development of several types of cancer [102,131–
137]. In recent years, further understanding of the Hippo pathway has identified its role in other 
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cellular processes, including microRNA biogenesis [138,139], lymphatic vessel stability, 
angiogenesis, and hemodynamics [140–143], immunity [144–147], autophagy [148], and cell ploidy 
[149,150]. 

YAP and TAZ – The Acting Arms of the Hippo 

YAP and TAZ are two related transcriptional coactivators encoded by paralogous genes with 
nearly 50% amino acid sequence similarity [151]. YAP was discovered by Sudol as a protein with the 
ability to interact with the Src homology 3 (SH3) domain of tyrosine kinases YES, SRC, and Abelson 
leukemia (ABL) [152], and TAZ was discovered by Yaffe as a novel 14-3-3 binding molecule [153]; 
however, they rose to prominence when their functions started to become clear after being identified 
as the mammal orthologs of Yorkie, the executor of the Hippo pathway in Drosophila [100]. Due to 
the lack of DNA-binding domains, they rely on other factors to exert their transcriptional regulation. 
Notably, they interact with members of the transcriptional enhancer factor (TEA)-domain (TEAD) 
family of DNA-binding factors (TEAD1-4) [154]. YAP/TAZ-TEAD complexes bind mostly to distant 
enhancer elements, and only a minute fraction binds to promoters [155]. YAP/TAZ plays an essential 
role in cell and tissue proliferation, growth, and apoptosis, and their paramount function is to 
regulate the growth of organs until they reach their intended size [129,156,157]. These transcription 
regulators are part of the complex machinery the cell employs to sense, communicate, and interact 
with its surroundings. Its activity on cells is influenced by mechanical factors such as cell shape and 
polarity, which is governed by cytoskeletal architecture [128,158]. These factors, alongside cell 
adhesions and matrix complexity, reflect the local stromal composition and the situation of the cells 
within the tissue microenvironment, and allow YAP/TAZ to act accordingly [159,160]. Similar to how 
YAP/TAZ reacts to extrinsic mechanical and physical cues, it responds to intrinsic metabolic and 
biochemical inputs such as glucose homeostasis [161–163] and lipid metabolism [164]. YAP/TAZ 
converts such mechanical and biochemical inputs into gene expression and biological responses. 

YAP/TAZ shuttle between the cytosol and the nucleus according to their phosphorylation state 
[165], post-translational modifications [165,166], and by binding to other proteins to facilitate the 
movement [167]. Phosphorylation by LATS1/2 determines the subcellular localization of these 
transcription factors by creating a binding site for 14-3-3 proteins, sequestering YAP/TAZ complexed 
to 14-3-3 proteins in the cytosolic compartment [168], thus preventing their nuclear translocation. 
YAP/TAZ is then ubiquitinated and posteriorly degraded [169,170]. Interestingly, TAZ contains a 
second phosphodegron located in the N-terminal region that is not present in YAP [169,171], 
explaining in part the short half-life of this protein (around 2 h) [169] in contrast with the more stable 
and longer-lived YAP [172–174]. Although phosphodegron is found in YAP, its concentrations 
appear to be mainly regulated by nucleocytoplasmic shuttling [129]. Although the “canonical view” 
postulates that phosphorylated YAP is sequestered in the cytoplasm, other studies have challenged 
this: it was observed that phosphorylated YAP can be located in the nucleus [175,176] and that 
phosphorylation of YAP is needed but not sufficient for nuclear exclusion [176]. It is worth noting 
that although YAP and TAZ have almost identical functions, they usually act as separate proteins in 
monomeric or homodimeric form [177]. However, some isoforms of YAP can form heterodimers with 
TAZ [178,179]. 

YAP/TAZ and Cancer 

Given the YAP/TAZ transcriptional functions related to genes that promote proliferation, 
survival, and growth, it is easy to understand why these molecules are ubiquitous in cancer. 
YAP/TAZ activation has been observed in a plethora of cancer types across murine models, human 
in-vitro models, and patients [180]. Once YAP/TAZ nuclear accumulation reaches a certain threshold, 
the overexpression of their target genes drives fundamental cancer phenotypic changes such as 
plasticity, drug resistance, uncontrolled cell proliferation, and metastasis [180,181]. Other “cancer 
enabler” attributes include stromal cell recruitment, inflammation, angiogenesis, and immune 
modulation [180–182]. 
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Due to their physiological role, upregulating cell proliferation is perhaps one of the most 
straightforward effects of YAP/TAZ activation in cancer [183,184]. YAP/TAZ sustain aberrant 
proliferation by promoting the cell cycle and sustaining the expression of oncogenic, pro-mitotic, and 
DNA-replicating factors such as activator protein 1 (AP-1) or c-MYC [128,185–188]. Interestingly, AP-
1 amplifies YAP/TAZ transcription, driving a positive feedback loop [186,189,190]. 

YAP/TAZ can enable cancer cells to escape diverse treatments by promoting resistance to 
cytotoxic and targeted regimes, hormonal therapy, immunotherapy, and radiotherapy [181,191–194]. 
YAP/TAZ has been linked to resistance to agents in diverse cytotoxic classes commonly used in 
various malignancies, including taxanes [195,196], anthracyclines [197], platinum agents [198] and 
antimetabolites [196]. Response to hormonal therapies can be under the influence of YAP/TAZ, as 
demonstrated by a study where tamoxifen-resistant MCF7 cells were re-sensitized by targeting 
YAP/TAZ with a knock-down approach [199]. The aberrant expression of YAP/TAZ is an important 
form of resistance to targeted therapy, which inhibits components within specific signaling pathways 
driving cell growth and survival [199,200]. YAP/TAZ has been found to confer resistance to 
epidermal growth factor receptor (EGFR) [201–203], mitogen-activated protein kinase (MAPK) 
[204,205] and HER2 [206] inhibitors. 

Metastasis is a stressful and challenging journey for malignant cells in which they must 
circumvent immune surveillance, recruit local and systemic factors, and survive without anchoring 
molecules [207]. YAP/TAZ’s role in metastasis is well established, as gain of YAP/TAZ bestows non-
metastatic cells with metastatic abilities, whereas YAP/TAZ downregulation hinders the metastatic 
potential [208]. Given YAP/TAZ link with mechanical cues and function as a response element to 
them, it is predictable that YAP/TAZ has a prominent role in cell migration and dissemination since 
these processes involve a journey through diverse mechanical situations such as compression, 
stretching, motility through distinct portions of extracellular matrix, adhesion, intravasation, 
circulation, extravasation and establishment within a new tissue with different composition and 
architecture [180]. In line with this, it has been found that YAP/TAZ contributes to different aspects 
of the metastatic process: cell motility, migration, and invasion [209–213], survival in the circulation 
[214,215], and vascular translocation [216–218]. 

YAP/TAZ as Drivers and Enhancers of BCSCs 

YAP/TAZ can induce stemness characteristics in healthy cells, converting them into cells 
resembling tissue stem cells [219], and both factors have been linked to stemness in malignancy as 
well [220]. Although YAP and TAZ have overlapping functions, a careful literature review suggests 
that in BCSCs, TAZ functions primarily to mediate an aggressive BCSC aggressive phenotype 
(metastasis, chemoresistance) and, to a lesser extent, stimulate differentiated cells to acquire stem-
like properties, while the YAP role in BCSCs leans toward the development and maintenance of the 
stemness state. However, this is not absolute. For instance, in BC, TAZ amplification can transform 
bulk tumor cells into cancer stem cells [192]. In a study, TAZ-mediated reprogramming of human 
mammary epithelial cells transformed them into experimental BCSCs displaying traits such as self-
renewal, chemoresistance, epithelial-to-mesenchymal transition, and tumor-seeding capabilities 
[221]. TAZ has been identified as a central mediator of metastatic ability and chemoresistance of 
BCSCs, and the ability to replenish tumor cells [193]. Interestingly, TAZ upregulation in 
differentiated, non-tumorigenic BC cells induced their transformation to a migratory, tumorigenic 
phenotype, contrasting with how the loss of TAZ impaired metastatic ability and chemoresistance of 
BCSCs [193]. 

Similarly, the role of YAP in inducing and maintaining pluripotency has also been described. In 
one study, YAP knockdown led to a loss of embryonic stem cell pluripotency, while ectopic 
expression of YAP prevented embryonic stem cell differentiation in vitro and maintained stem cell-
like characteristics even under differentiation conditions [222]. Consequently, it has been 
hypothesized that as YAP/TAZ induce differentiated cells to acquire cancer stemness, loss of 
YAP/TAZ could cause differentiation of BCSCs into a more differentiated and aggressive phenotype 
[180]. Further highlighting the role of YAP in BC stemness, it was discovered how YAP partners with 
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serum response factor (SRF) and TEADs to increase the transcription output of Interleukin 6 (IL6) - 
an essential factor for the maintenance of BCSCs, and cancer stemness in general [223–225], and how 
the SRF-YAP-IL6 axis was required to maintain BC stemness [226]. 

The Receptor tyrosine kinase-like orphan receptor 1 (ROR1) is expressed in embryogenesis and 
cancer [227], but its expression becomes almost null in post-partum tissues, except in early B 
lymphocyte precursors [228]. In a study, the expression of ROR1 increased in BC after treatment with 
chemotherapy alongside the display of stemness characteristics. Interestingly, treatment with anti-
ROR1 antibodies reversed cancer stemness and increased taxol sensitivity [229]. The authors 
observed a ROR1-dependent increase in the activation of YAP/TAZ that correlated with 
chemoresistance, indicating YAP/TAZ directly contributed to the ROR1-dependent chemoresistance. 
Thus, the stemness and chemoresistance observed in this study appeared to be under the direct 
influence of YAP/TAZ, which in turn was upregulated in cells with high ROR1 expression. 
Consequently, after anti-ROR1 treatment, chemoresistance, stemness, and YAP/TAZ activity were 
decreased [229]. 

YAP/TAZ Inhibition - A Promising Strategy to Curtail Cancer Stemness 

The idea of targeting transcription factor co-activators has gained significant traction in oncology 
in the last decade, challenging the classical view that they are “undruggable”. Deregulation of 
transcription factors co-activators such as YAP/TAZ, c-MYC and β-catenin is at the core of the tumor 
initiation and progression [230]. 

As previously described, metastasis and drug resistance are among the main causes of death in 
BC patients. These characteristics are hallmarks of BCSCs [193,231], alongside the ability to replenish 
bulk tumor cells lost due to therapy. A novel approach to curtail these complications in patients could 
involve co-targeting the differentiated and stem cell compartments through YAP/TAZ inhibition. 
Some drugs have shown promising results in cancer: kinase inhibitors pazopanib and dasatinib, 
alongside statins, inhibited the nuclear translocation of YAP/TAZ, and pazopanib increased their 
proteasomal degradation, which translated into increased chemosensitivity in TNBC [232]. A pan-
TEAD inhibitor, GNE-7883, was found to suppress cell proliferation in several cancer cell lines and 
demonstrated robust anti-tumor efficacy in murine modes. GNE-7883 treatment reversed resistance 
to Sotorasib, a KRAS G12C inhibitor [233]. Other YAP/TAZ inhibitor strategies are highlighted in 
Table 1 adapted from and reviewed in [234]. 

Table 1. Selected YAP/TAZ inhibition strategies. 

Drug Target Preclinical References Clinical Trials 

Verteporfin (Visudyne) 
YAP/TAZ interaction with 

TEAD 
[235] 

Phase 1/2 
EGFR-mutated glioblastoma 

NCT04590664 

IK-930 
TEAD palmitoylation inhibitor 

YAP/TAZ interaction with 
TEAD 

[236] 
First-in-human trial 

Phase 1 
Epithelioid 

hemangioendothelioma and 
mesothelioma 
NCT05228015 

0GNE-7883 Pan-TEAD inhibitor [233] - 

IAG933 
YAP/TAZ interaction with 

TEAD 
[237] 

Phase 1  
Mesothelioma 
NCT04857372 

ION537 
Anti-YAP Antisense 

Oligonucleotide 
[238] 

Completed phase 1 
NCT04659096 

Factors Governing the Maintenance and Clonogenicity of BCSCs 

As BCSCs are crucial for tumor initiation, progression, metastasis, and therapy resistance, 
understanding the factors governing their maintenance, clonogenicity, and paracrine interaction 
within the TME is vital in developing efficacious therapeutic strategies. The maintenance and 
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clonogenicity of BCSCs is governed by a complex interplay of intrinsic and extrinsic factors, including 
the TME and hypoxic conditions. Some of the factors governing BCSC maintenance and clonogenicity 
include: 

1. Plasticity of BCSCs - BCSCs that underwent EMT exhibit enhanced invasive potential, enabling 
them to disseminate from primary tumors and form distant metastases, contributing to disease 
progression and poor prognosis. Additionally, such BCSCs display resistance to NACT and 
targeted therapies, due to their enhanced survival mechanisms and altered gene expression 
profiles through epigenetic adaptations [239]. The plasticity conferred by EMT enables BCSCs 
to adapt to changing microenvironments within the tumor and metastatic sites, facilitating 
tumor relapses. Targeting EMT and its associated signaling pathways may represent a 
promising therapeutic approach to restrict BCSCs to one state, which prevents plastic conversion 
to a more resistant form and improves treatment outcomes for BC patients. [240]. 

2. Signaling pathways: Tumor cell signaling pathways such as Wnt, Notch, Hedgehog, and 
PI3K/Akt/mTOR (mammalian target of rapamycin), intricately regulate the behavior of BCSCs, 
dictating their self-renewal and differentiation capabilities [241]. Through a network of 
molecular interactions, these pathways regulate self-renewal, sustenance of cancer stemness, 
and survival of BCSCs. These signaling pathways prime and activate BCSCs for aggressive 
behaviors, fueling invasion, migration, and metastasis. By influencing the gene expression 
involved in cell fate determination and interactions with TME in a paracrine manner, these 
signaling cascades modulate the phenotypic and functional heterogeneity within BCSC 
populations [242,243]. Understanding the crosstalk between these pathways provides insights 
into the mechanisms underlying BC progression and offers potential co-targets for therapeutic 
intervention aimed at disrupting BCSC-mediated tumorigenesis and metastasis. 

3. Transcription factors: PTFs such as SOX2, OCT4 and NANOG serve as master regulators of cancer 
stemness in BCSCs, activating gene expression that sustains their self-renewal capacity [4]. These 
TFs exert control over critical cellular processes, including proliferation, differentiation, and 
survival, thereby contributing significantly to the clonogenicity and maintenance of BCSC 
populations within the tumors [244,245]. Their dysregulation or aberrant activity can drive 
therapy resistance and induce MRD, subsequent expansion and recurrence. Insights into the 
regulatory networks governed by these PTFs may provide valuable avenues for the 
development of novel strategies aimed at disrupting BCSC-mediated tumorigenesis and 
improving patient outcomes. 

4. Cytokines in the TME: Within the TME, the cytokine storm can drive the behavior of BCSCs, and 
they may oscillate between cancer stemness and bulk tumor cell states. Interleukins (ILs), such 
as IL-6 and IL-8 (CXCL8) C-X-C chemokine ligand 8, along with tumor necrosis factor a (TNF-a) 
and transforming growth factor b (TGF-b), represent key players in this regulatory network 
[80,246]. These cytokines from the TME exert a paracrine effect on BCSCs, influencing their 
survival, clonogenic expansion, survival, and migration. By engaging with specific receptors and 
initiating downstream signaling pathways, cytokines and chemokines modulate the gene 
expression associated with cancer stemness, plasticity, and chemoresistance in BCSCs [240]. 
Thus, the niche for BCSCs in the TME can foster their survival, clonogenicity and maintenance 
[247]. Co-targeting the cytokine signaling network may augment targeted therapies. 

5. Stromal cells within the TME: A dynamic interplay exists between stromal cell compartments 
comprising of cancer-associated fibroblasts (CAFs), endothelial cells, immune cells, acellular 
extracellular matrices (ECM) and the BCSCs [248]. CAFs, through the secretion of growth factors 
and cytokines, create a supportive niche for BCSCs, enhancing their maintenance and self-
renewal capabilities [240]. Endothelial cells contribute to BCSC survival and proliferation by 
facilitating neoangiogenesis and providing nourishment. The immune cells, such as tumor-
associated macrophages (TAM) and regulatory T lymphocytes (Treg), secrete factors that 
promote BCSC stemness [249]. This bi-directional communication between stromal and cancer 
cells (bulk tumor cells and BCSCs) enables the sustenance of cancer stemness and clonogenicity. 
Uncovering the supportive roles of the TME for BCSCs holds promise for developing novel 
therapeutic interventions aimed at disrupting BCSC-mediated tumorigenesis, metastasis, and 
drug resistance. 
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6. Hypoxic TME: The role of hypoxia in BC has been discussed in earlier sections. HIFs activate a 
cascade of events within BCSCs, promoting their maintenance, enhancing their plasticity and 
promoting resistance to therapy. Through transcriptional activation of target genes involved in 
angiogenesis, metabolism, and cell survival, HIFs create a microenvironment conducive to BCSC 
survival and clonal expansion under hypoxic stress [250,251]. This hypoxia-driven adaptation 
confers a selective advantage to BCSCs, facilitating their persistence. Understanding the 
interplay between hypoxia, HIFs, and BCSC holds promising therapeutic potential for targeting 
aggressive and refractory tumors. 

Previous studies show that HIF-1a knockdown suppressed the cancer stemness parameters in 
vitro [252]. One of the studies showed that Ganetespib, an inhibitor of heat shock protein 90 that 
stabilizes HIF-1 a, significantly reduced the levels of BCSCs in a TNBC mouse model `. These studies 
lend support to the idea of using HIF-inhibiting compounds to treat BCs. 

1. Metabolic reprogramming: A subset of BCSCs (called energetic BCSCs) display an increase in 
glucose uptake, a high glycolytic rate through the Warburg effect that results in lactate 
accumulation, and a concurrent decrease in mitochondrial respiration [253]. Recent evidence 
suggests that BCSCs can alternate between glycolysis and mitochondrial oxidative 
phosphorylation (OXPHOS) in the presence of oxygen, facilitating incessant tumor growth. This 
metabolic plasticity allows BCSCs to engage in OXPHOS generating ATP, thus promoting 
survival under conditions where glycolysis is impaired [254]. Interestingly, proliferative BCSCs 
prefer the OXPHOS metabolism, while quiescent BCSCs are dependent on glycolysis for their 
metabolism [255,256]. In addition, BCSCs have also been reported to rely on mitochondrial fatty 
acid oxi[28]dation as an alternative energy source to maintain their survival, self-renewal, and 
chemoresistance [257]. This metabolic adaptability makes them less vulnerable to many 
therapies targeting specific metabolic pathways. However, a combination therapy targeting 
more than one metabolic pathway may disrupt the availability of an array of metabolic 
mechanisms at the disposal of BCSCs. 

To target BCSCs’ metabolic reprogramming abilities, a metabolic “two hit” strategy was 
proposed in which mitochondrial OXPHOS inhibitors first push CSCs toward glycolysis, which is 
when a glycolysis inhibitor would act as a second hit to firmly disrupt CSC metabolism [258]. De 
Francesco et al. (2018) proposed and demonstrated this strategy in BC cells with 
dodecyl(triphenyl)phosphonium (d-TPP), a mitochondrial inhibitor, along with glycolysis inhibitors 
vitamin C and OXPHOS inhibitor doxycycline [259]. The results showed effective BCSC suppression 
as well as seemingly selective toxicity only in cancer cells [259], suggesting promising potential for 
both the therapeutic strategy and TPP-based drugs. 

Additional Strategies for Targeting BCSCs 

Many strategies were previously outlined in the appropriate sections. Additional strategies are 
discussed here. In a clinical study, the ALDH1A1 gene expression data of 3455 patients was found to 
be negatively correlated with overall survival of BC patients [260,261]. Experimentally, it has been 
shown that SMI Nifuroxazide selectively inhibits ALDH1A1 in stem cells which contributes to the 
initiation and progression of melanoma [262]. Recently, it has also been identified that the disruptor 
of telomeric silencing 1 (DOT1L) protein is a key epigenetic regulator of ALDH1 in TNBC and its 
selective inhibition with SMI EPZ-5676 has shown reduced tumor growth in vivo [263]. Both the 
markers i.e., hyaluronan receptor (isoform CD44s) [264] and ALDHs are co-expressed over a small 
subset of stem-like cells which are highly disseminating in nature [4]. Another marker, the anti-
apoptotic protein myeloid cell leukemia 1 (MCL1), is one of the key proteins involved in the survival 
of stem-like cells and in collaboration with c-MYC it promotes chemoresistance through oxidative 
phosphorylation [265]. A co-targeting approach involving MCL1 and c-MYC may be highly 
beneficial. 

Genetic ablation and pharmacological targeting of the eukaryotic mRNA helicase, eIF4A1, is an 
effective strategy targeting TNBC cells and BCSCs. It has been shown that targeting eIF4A1 curtails 
metastasis by downregulation of the ABC drug transporter, along with other vital oncogenic proteins 
involved in survival and stemness such as SOX2, OCT4, baculoviral IAP repeat-containing 5 (BIRC5), 
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and NANOG [72,266]. This brings a striking feature in explaining why targeting eIF4A1 controls 
stemness as well as drug resistance, though these are highly correlated [72,75].` 

The C-X-C chemokine receptor 4 (CXCR4) is a G protein-coupled receptor and its perturbation 
leads to activation of the Gαi subunit and PI3K/mTORC1 axis promoting metastasis in TNBC [267] 
and hematological malignancies [268,269]. The PI3K/mTORC1 axis is upstream of eukaryotic 
initiation factor 4A1 (eIF4A1) and contributes to metastasis via activation of its downstream effectors 
[75,270]. Interestingly, it has been shown that enhanced expression of CXCR4 is correlated with poor 
outcomes in patients with TNBC [271]. CXCR4 gene silencing has been shown to increase the 
sensitivity of cisplatin in TNBC in vivo thereby lowering expression of p53 mutants and B-cell 
lymphoma-2 (Bcl-2) protein in mice [272]. CXCR4 signaling has been shown to maintain tamoxifen-
resistant CSC population in tamoxifen-resistant MCF7 cells through aryl hydrocarbon receptor (AhR) 
signaling [273] and overexpression of CXCR4 was found to be significantly associated with distant 
metastasis indicating poor disease-free survival [274]. A CXCR4 antagonist in combination with an 
anti-microtubule showed promising results in initial trials [275], but further drug development is 
needed to optimize the use of CXCR4 as a BCSC target. 

Targeting a variety of components in the TME that interact with BCSCs, as well as their receptors 
and downstream effectors, may further the effectiveness of existing therapies. For example, enhanced 
activation of C-X-C chemokine ligand 8 (CXCL8) occurs in response to the administration of PI3K 
inhibitors, leading to activation of the Janus kinase2 (JAK2) pathway and increased drug resistance 
[276]. Inhibition of CXCL8 or its chemokine receptors C-X-C chemokine receptor 1/2 (CXCR1) and 
CXCR2 can therefore enhance the efficacy of PI3K/mTORC1 inhibitors [276]. CXCR1 and CXCR2 
further contribute to the directed migration of inflammatory immune cells that help BCSC survival; 
targeting them was shown to reduce the number of pro-tumor stromal cells in the TME [277]. 
Inhibition of both chemokine receptors via an SMI, Reparixin, led to a reduction of BCSC markers in 
HER2-negative patients and was well tolerated [278]. These promising results warrant further 
investigation with more aggressive BC phenotypes. 

Paclitaxel was found to increase autocrine TGF-b signaling in BCSCs, enhancing their survival 
and chemoresistance [279]. It has been shown that inhibiting TGF-b itself as well as downstream 
factors such as cyclooxygenase 2 (COX-2) can prevent the induction and expansion of both 
CD44+/CD24-/low and ALDH+ BCSC populations [280]. It is important to anticipate specific drug 
escape routes in the TME in the context of the drug mechanism, as it may help boost treatment 
efficacy and mitigate the challenges of MDR. 

Other crucial targets for BCSCs include CD133 [281], CD49f [282], epithelial cell adhesion 
molecule (EpCAM) [283], and PTFs (SOX2, OCT4 and NANOG) [4,284]. 

BCSCs in Hormone Receptor-Positive BC 

The presence of estrogen receptors (ER) and/or progesterone receptors (PR) along with the 
absence of the human epidermal growth factor receptor 2 (HER2) protein are categorized as Luminal 
A tumors in BC. Luminal B tumors also present ER and/or PR receptors but are HER2-positive[285]. 
BCSCs play a pivotal role in fueling the growth, survival, and metastatic spread of hormone-sensitive 
cancer cells[286]. The self-renewal of BCSCs is stimulated by the various cells and proteins of the 
tumor microenvironment (TME) and steroid hormone signaling[287]. Estrogen is a regulator of 
BCSCs through paracrine signaling involving fibroblast growth factor9 (FGF9). Estrogen binds to its 
receptor inducing secretion of FGF9 and T-box transcription factor3 (Tbx3) in surrounding non-BCSC 
cells. This expression of Tbx3 leads to further Wnt and FGF expression in a signaling cascade 
ultimately resulting in BCSC proliferation[288]. The Wnt/β-Catenin pathway is responsible for BC 
cell proliferation and stemness maintenance while the Wnt–PCP (planar cell polarity) and Wnt–Ca2+ 
noncanonical Wnt pathways are responsible for BC cell metastasis[289]. Estrogen can also increase 
the amount of BCSCs through contact-dependent signaling by upregulating Notch ligands in non-
CSCs, which in turn stimulates the activity of Notch1 in BCSCs[290]. Progesterone also acts via 
paracrine signaling to upregulate the Notch pathway and NF-κB pathway through receptor activator 
of nuclear factor kappa-B ligand (RANK/RANKL) activation contributing to BCSC pool 
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expansion[291]. HER2 overexpression comprises approximately 20% of BC cases and characterizes 
an aggressive subtype with a high rate of metastasis[292]. HER2 has been shown to regulate BCSCs 
through multiple pathways such as Notch allowing the cells to evade targeted therapies, undergo 
epithelial to mesenchymal transitioning, and invade surrounding cells[293]. 

Current understanding of the underlying mechanisms of hormone signaling in receptor-positive 
BC has led to the development of targeted therapies. Endocrine therapies typically target the estrogen 
pathways by depriving the tumor of estrogen or interfering with it signaling[294]. Tamoxifen and 
other selective estrogen receptor modulators (SERMs) competitively inhibit estrogen from binding to 
the estrogen receptor depriving the tumor of estrogen[295]. Selective estrogen receptor degraders 
(SERDs) such as Fulvestrant competitively inhibit estrogen to bind to ERs resulting in ER 
degradation[296]. Aromatase inhibitors deplete estrogen by inhibiting the enzyme aromatase 
necessary for estrogen biosynthesis[297]. The problem arises when BCSCs become resistant to 
estrogen therapies and play a primary role in decreased efficacy and metastatic relapse[298]. 
Hormone therapies have been seen to indirectly enrich BSCSs through a variety of mechanisms 
including upregulation of key elements involved in the transcriptional regulation of PTFs such as 
SOX2, OCT4, and NANOG[294]. Enhanced PI3K/AKT/mTOR signaling in BCSCs has also been 
implicated in their ability to survive, expand, metastasize, and resist treatments[299]. Mutations in 
the PI3K/AKT/mTOR pathway sustain the BCSC pool[300]. 

MicroRNAs (miRNAs) are small non-coding RNA segments that can silence target genes by 
initiating degradation of their messenger RNAs (mRNAs) or hindering translation[301]. Regulation 
of miRNAs through hormones contributes to the self-renewal of BCSCs and their resistance to 
targeted treatments[302]. The overexpression of miR-221 and miR-222 in hormone-positive BC 
downregulates ER which is linked to endocrine resistance[303]. HER2 can also be targeted in 
therapies. Trastuzumab, a monoclonal antibody that binds to an extracellular domain of the HER2 
receptor inhibiting homodimerization and therefore signaling[304]. Additionally, lapatinib, a 
tyrosine kinase inhibitor, targets HER2 and EGFR through interactions at the ATP-binding site of the 
receptors[305]. However, mutations in the PI3K/AKT/mTOR pathway as well as loss of phosphatase 
and tensin homolog (PTEN) tumor suppressor involved with BCSC proliferation have also been 
implicated in Trastuzumab resistance[306]. Resistance to lapatinib stems from upregulation of miR-
205-5p in BCSCs which increases EMT and metastatic potential[307]. Further understanding of the 
role of BCSCs in hormone-positive BC and factors that lead to therapy resistance is necessary to 
develop targeted therapies that can evade these mechanisms. 

Conclusions 

Though BCSCs are a small component of the tumors they significantly contribute to clonogenic 
replication through self-renewal. They contribute to MRD post-treatment and form a significant 
challenge in the clinic by displaying chemoresistance. A strategic approach is needed to 
synchronously target both the bulk tumor population and the BCSCs. 
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Figure 1. Key molecular factors that confer BCSCs their distinctive characteristics. This diagram 
illustrates the molecular components associated with cancer stemness in BC. Surface markers such as 
CD44s and CD133 are prominently expressed and are critical for cell identification and signaling. 
Chemokine receptors (CXCR1, CXCR2, CXCR4) interact with their cognate ligands, to regulate 
clonogenicity, self-renewal, migration and paracrine interactions in the TME. Drug efflux transporters 
(ABCB1, ABCG2, ABCC1, ABCC3) facilitate chemoresistance by actively pumping out therapeutic 
agents. Intracellularly, key transcription factors, including SOX2, OCT4, NANOG, YAP/TAZ, and 
HIF-1α, govern cancer stemness. Additionally, elevated ALDH activity marks BCSC expression and 
contributes to their maintenance and differentiation. 
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ALDHs Aldehyde dehydrogenases 
ALDH1 Aldehyde dehydrogenase 1 
ALDH1A1 Aldehyde dehydrogenase 1A1 
APC Adenomatous polyposis coli 
AP-1 Activator protein 1 
ATP Adenosine triphosphate 
BC BC 
BCRP BC resistance protein 
BCSCs  BC stem-like cells  
BET  Bromodomain extra-terminal domain 
BIRC5 Baculoviral IAP repeat-containing 5 
BL1 Basal-like 1 
BL2 Basal-like 2 
BRCA1 Breast cancer gene 1 
CAFs  Cancer-associated fibroblasts 
CCL21 C-C motif chemokine ligand 21 
CCR7 C-C chemokine receptor type 7 
CD Cluster of differentiation 
CD24  Cluster of differentiation 24 
CD44  Cluster of differentiation 44 
CD49f  Cluster of differentiation 49f 
CD133  Cluster of differentiation 133 

CEACAM1 
 carcinoembryonic antigen cell adhesion 
molecule 1 

COX-2  Cyclooxygenase 2 
CREB  cyclic AMP response element-binding protein 
CSC Cancer stem cell 
CXCR1  C-X-C chemokine receptor 1 
CXCR2  C-X-C chemokine receptor 2 
CXCR4  C-X-C chemokine receptor 4 
CXCL8 C-X-C motif chemokine ligand 8 
CXCL12  C-X-C motif chemokine ligand 12 
c-MYC  cellular myelocytomatosis 
DNA Deoxyribonucleic acid 
DOT1L  Disruptor of telomeric silencing 1 
d-TPP  Dodecyl(triphenyl)phosphonium 
ECM  Extracellular matrix 
eIF4A1 Eukaryotic initiation factor 4A1 
eIF4B Eukaryotic initiation factor 4B 
EMT Epithelial-mesenchymal transition 
EpCAM Epithelial cell adhesion molecule 
ER Estrogen receptor 
ER Endoplasmic reticulum 
ERK Extracellular signal regulated kinase 
EW European White 
FGF9 Fibroblast growth factor9 
Fz Frizzled receptor  
GLI1 Glioma-associated oncogene homolog 1 
HER2 Human epidermal growth factor receptor2 
HIFs Hypoxia Inducible factors 
HIF-1a  Hypoxia inducible factor 1a 
HIF-2a  Hypoxia inducible factor 2a 
HMGA1 High mobility group A1 
HRE Hypoxia response element 
ICIs Immune checkpoint inhibitors 
Ils Interleukins 
IL-6 Interleukin 6 
IL-8 Interleukin 8 
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IRF Interferon regulatory factor  
JAK Janus kinase 
JAK2 Janus kinase2 
JAM-A Junctional adhesion molecule A 
KLF4 Kruppel-like factor 4 
KLF5 Kruppel-like factor 5 
LAR Luminal androgen receptor 
LASP1 LIM and SH3 protein 1 
LATS1/2 Large tumor suppressor 1 and 2 

LRP6 
Low-density lipoprotein receptor-related protein 
6 

M Mesenchymal  
MAPK Mitogen activated protein kinase  

MAP4K 
Mitogen activated protein kinase kinase kinase 
kinases 

MCL1 Myeloid cell leukemia 1 
MDM2 Mouse double minute 2 homolog 
MDR Multidrug resistance 
miRNAs MicroRNAs 
MOB1 A/B Monopolar spindle (mps1) binder 1 A/B 
MRD Minimal residual disease 
mRNAs Messenger RNAs 
MSI1 Musashi RNA binding protein 1 
MST1/2 Mammalian sterile 20-like kinase 1/2 
mTNBC Metastatic triple-negative BC 
mTOR Mammalian target of rapamycin 
mTORC1 Mammalian target of rapamycin complex 1 
NACT Neoadjuvant chemotherapy 
NF-kB Nuclear factor kappa of B lymphocytes 
Notch 1-4 Neurogenic locus notch homolog protein 1-4 
OCT4 Octamer-binding transcription factor 4 
OSKM OCT4, SOX2, KLF4, c-MYC 
OXPHOS Oxidative phosphorylation 
PCP planar cell polarity 
pCR Pathological complete response 
PD-L1 Programmed death ligand 1 
PI3K Phosphatidylinositol-3-kinase 
PR Progesterone receptor 
PTEN Phosphate and tensin homolog 
PTFs Pluripotent transcription factors 
P-gp P-glycoprotein 

RANKL 
receptor activator of nuclear factor kappa-B 
ligand 

RNA Ribonucleic acid 

ROCK1 
Rho-associated coiled-coil containing protein 
kinase 1 

ROR1 Receptor tyrosine kinase-like orphan receptor 1 
ROS Reactive oxygen species 
RSKs Ribosomal S6 kinases 
SAV1 Salvador homolog 1 
SERDs Selective estrogen receptor degraders 
SETRMs Selective estrogen receptor modulators 
SH3 Src homology 3 
siRNA Small interfering RNA 
SMIs Small molecule inhibitors 
SMO Smoothened receptor 
SOX2 SRY (sex determining region Y)-box2 
SOX9 SRY (sex determining region Y)-box9 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2024 doi:10.20944/preprints202412.1194.v1

https://doi.org/10.20944/preprints202412.1194.v1


 18 

 

SRF Serum response factor 

STAT3 
Signal transducers and activators of transcription 
3 

TAMs Tumor-associated macrophages 
TAOKs Thousand and one kinases 

TAZ 
Transcriptional coactivator with PDZ-binding 
motif 

Tbx3 T-box transcription factor3  
TCF T-cell factor  
tDRs Transfer RNA-derived small non-coding RNAs 
TEAD 1-4 Transcriptional enhancer associate domain 1-4 
TF Transcription factors 
TGF-b  Transforming growth factor b 
TILs Tumor infiltrating lymphocytes 
TKIs Tyrosine kinase inhibitors 
TNBC Triple-negative BC 
TNF-a Tumor necrosis factor a 
TME Tumor microenvironment 
TPP Target product profile 
Tregs Regulatory T cells 
Twist1 Twist family BHLH transcription factor 1  
VEGF Vascular endothelial growth factor 
VM Vascular mimicry 
WASP Wiskott–Aldrich syndrome protein 
WAVE3 WASP-family verprolin-homologous protein 
Wnt Wingless-related integration site 
WWTR1 WW-domain-containing transcription regulator 1 
YAP Yes-associated protein 
YB-1 Y-box binding protein 1 
(ΔNp63) Delta N Isoform of Tumor Protein 63 
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