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Abstract 

Since the discovery of breast cancer stem cells (CSCs), a significant effort has been made to identify 

and characterize these cells. It is a generally believe that CSCs play an important role in cancer 

initiation, therapy-resistance and progression of triple-negative breast cancer (TNBC), an aggressive 

breast cancer subtype with poor prognosis. Thus, therapies targeting these cells would be a valuable 

addition to standard treatments that primarily target more differentiated, rapidly dividing TNBC cells. 

Although several cell surface and intracellular proteins have been described as biomarkers for CSCs, 

none of these are specific to this population of cells. Recent research is moving towards cellular 

signaling pathways as targets and biomarkers for CSCs. The WNT pathway, the NF-κB pathway and the 

cholesterol biosynthesis pathway have recently been identified to play a key role in proliferation, 

survival and differentiation of CSCs, including those of breast cancer. In this review, we assess recent 

findings related to these three pathways in breast CSC, with particular focus on TNBC CSCs, and discuss 

how targeting these pathways, in combination with current standard of care, might prove effective 

and improve the prognosis of TNBC patients. 

Significance statement 

Breast cancer stem cells (CSCs) or tumor-initiating cells are thought to play an important role in tumor 

development, therapy resistance and progression of triple-negative breast cancer (TNBC). To 

overcome the poor prognosis of TNBC, novel therapies targeting CSCs need to be developed. Research 

has moved from single surface proteins as biomarkers and targets for CSCs towards signaling pathways 

essential for the tumor-initiating ability and therapy resistance of CSCs. This review provides a concise 

overview on the current knowledge of three key pathways, WNT, NF-κB and cholesterol biosynthesis, 

important for proliferation and survival of breast CSCs.  
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Introduction 

Breast cancer is the most commonly diagnosed cancer in women and a major cause of cancer-related 

mortality in women worldwide1. One in eight to ten women will be diagnosed with breast cancer 

during their lifetime2 and recurrence and metastasis are the major causes of deaths among breast 

cancer patients. Fortunately, mortality from breast cancer in North America and the European Union 

has decreased, attributably to early detection and efficient systemic therapies2. Treatment of breast 

cancer is based on  classification into  at least four different clinically-relevant molecular subtypes 

based on gene expression profiling: Luminal A, luminal B, HER2-enriched, and basal-like3. Overlapping 

subtypes can also be classified based on the expression (or lack) of biomarkers on the breast cancer 

cells; the estrogen receptor (ER), the progesterone receptor (PR), the proliferation marker Ki67 and 

the human epidermal growth factor receptor (HER)2 status. Yet, scientifically, gene copy number and 

expression analyses has identified up to ten different molecular subtypes4.  

Identifying additional biomarkers is the focus of intense research, including single proteins, panels of 

proteins/mRNAs (profiles) or aberrant expressed pathways within the cancer cell. Several additional 

biomarkers have been investigated for potential diagnostic, prognostic and therapeutic implications 

of primary breast cancer and metastasis, but have not reached clinical implementation.   

The triple-negative breast cancer subtype 

Among the different subtypes of breast cancer, triple-negative breast cancer (TNBC) is an aggressive 

subtype with poor prognosis that accounts for approximately 15 % of all breast cancer cases5. TNBC is 

broadly defined as tumors lacking expression of ER and PR and also lacking amplification of HER2. TNBC 

is generally diagnosed in younger women compared to other subtypes, and more frequently in African-

American women5. The TNBC subtype consists of cancers with diverse histopathologies and molecular 

profiles6-8 and shares many features with the basal-like breast cancer subtype3,9. Significant efforts 
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have been made to further subdivide the TNBC subtype into distinct molecular clusters based on 

unique signaling profiles with the potential of treating these with distinct targeted therapies3,10. 

Until very recently, the TNBC subgroup of patients had limited treatment options as no effective 

targeted therapy was available for this subtype. The systemic treatment regimens were, therefore, 

primarily anthracycline and taxane backbone chemotherapy. Although it is generally accepted that 

early-stage TNBC is chemosensitive, half of patients with early-stage TNBC (stages I-III) experience 

disease recurrence11. Drug resistance remains a continuing challenge for this breast cancer subtype as 

well as other cancers and is the major reason for treatment failure12. Patients with metastatic TNBC 

have short progression-free survival (PFS) on first-line chemotherapy (median PFS, 3 to 4 months)13 

and poor overall survival (OS)11. This has brought the TNBC subtype into major focus in current 

translational and clinical research efforts to develop drugs that will improve clinical patient outcome. 

Fortunately, targeted therapies are in the pipeline for this subtype. Approximately 20 % of patients 

with TNBC harbor a deleterious BRCA gene mutation, particularly BRCA114, and recently PARP 

inhibitors have been approved for BRCA1 and BRCA2 mutation carriers5. Other targeted therapies 

might be successful in treating patients with TNBC, as nearly 90 % of chemo-resistant TNBCs contain 

alterations in pathways in which several targeted agents are currently under clinical investigation, such 

as PI3K inhibitors, AKT inhibitors, EGFR inhibitors and angiogenesis inhibitors (anti-VEGF). Recently, a 

phase III study evaluating an antibody-drug conjugate consisting of an anti-Trop2 antibody conjugated 

with SN-38, the active metabolite of irinotecan, has shown very promising results in metastatic TNBC15. 

Finally, immunotherapy with immune checkpoint inhibitors (anti-PD-1 and anti-PD-L1) combined with 

chemotherapy has shown some promise and was recently approved by the drug commissions FDA and 

EMA16,17. 

Cancer stem cells (CSCs) seem to be important in TNBC and have been suggested to at least partially 

drive tumor progression, chemoresistance and metastasis.  
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Cancer stem cells  

Malignant tumors, including breast cancer, are thought to contain a small population of cancer cells, 

so-called tumor-initiating cells or cancer stem cells (CSCs), which exhibit self-renewal and 

differentiation capabilities and are responsible for driving tumor growth. Human breast CSCs were first 

identified as tumor-initiating cells following transplantation into immunocompromised mice18 and 

were further described to have proliferative capability and to be associated with metastasis formation 

and resistance to chemo- and radiation-therapy19,20.  

Chemotherapy effectively suppresses the bulk of primary tumors by eradicating proliferating cells, but 

commonly fails to target CSCs, leading to relapse. It is a generally believed that there are two types of 

resistant CSCs: quiescent non-proliferative CSCs and proliferative CSCs21. The latter CSCs will be killed 

by anti-mitotic agents, whereas the resident quiescent CSCs can survive chemotherapeutic 

treatments22. Moreover, proliferative CSCs can be drug-resistant either through acquired resistance in 

response to treatment or intrinsic resistance that persists at the initiation of treatment23.  

CSCs are located in a specialized microenvironment or niche composed of e.g. fibroblasts and 

endothelial and mesenchymal cells, which play different roles in orchestrating therapy resistance24. 

For example, endothelial cells secrete TNFα, which activates the NF-κB signaling pathway in CSCs25 and 

induces secretion of several factors, including CXCL1/2 from tumor-associated macrophages, in breast 

cancer26. This attracts immune cells and induces the production of chemokines or other mediators, 

including S100A8/A9, which consequently induces chemoresistance to doxorubicin and 

cyclophosphamide27.  

Thus, identifying molecular drivers and signaling pathways that govern the chemoresistance and 

expansion of CSCs has the potential to inspire new treatment options.    
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Biomarkers of CSCs 

Originally, breast CSCs were described to express CD44 (CD44+) and to lack CD24 (CD24-) expression 

while exhibiting mesenchymal-like morphology18,28. Later, breast cancer cells with increased aldehyde 

dehydrogenase activity (ALDH+) were shown to exhibit CSC properties, and subsequently the 

CD44+/CD24-/ALDH+ became the “gold standard” signature for breast CSCs, conserved in primary 

tumors, circulating tumor cells and distant metastases. Further investigation of morphological and 

molecular phenotypes have broadened the concept and identified further cell surface markers, 

intracellular proteins and different phenotypes (e.g. epithelial-like cells29) that characterize breast 

CSCs, such as CD13330, CD49f31, CD9032. Additionally, we have recently shown that breast cancer 

tumor-initiating cells exhibit chromosomal copy-number amplification of 1q21.3, which can also be 

used as a trackable biomarker in cell-free DNA from blood regardless of breast cancer subtype33. These 

markers are useful for cancer detection and prognostic evaluation34 (Figure 1). In addition to 

biomarkers, functional tests such as mammosphere formation can also identify breast cancer stem-

like cells based on the ability of CSCs to propagate as multicellular spheroids in suspension culture.  

Due to limited specific markers, recent studies have advanced from defining CSCs by a few surface 

proteins or non-cell-surface biomarkers to identifying signaling pathways associated with the tumor-

initiating ability of CSCs. Multiple signaling pathways have been found to play a key role in CSCs, some 

of which are associated with a developmental program called the epithelial-mesenchymal transition 

(EMT), which enables polarized epithelial cells to acquire a motile mesenchymal phenotype, the initial 

step in tumor cell invasion and the metastatic cascade (reviewed by Guo, W.)35. Other essential 

biological pathways for CSC function in breast cancer have been identified, including Notch signaling36, 

Hedgehog signaling36 and Hippo signaling37 (Figure 1). Targeting these pathways may improve outcome 

in distinct cancer patient groups. For example, the use of the Hedgehog pathway inhibitor, vismodegib, 

in the treatment of basal cell carcinoma has improved one-year median survival compared with 

patients receiving standard treatment38,39. In preclinical studies, dual PI3K and WNT pathway inhibitors 
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work as a synergistic combination with enhanced antitumor efficacy in TNBC40. This approach suggests 

a paradigm in which targeting both pathways (genomically-aberrant and compensatory) has 

synergistic effects. Additionally, a recent proteomic analysis comparing isogenic TNBC cells with tumor-

initiating cells versus cells with non-tumorigenic capabilities showed that NF-κB and Wnt/β-catenin 

signaling are important for survival of tumor-initiating cells in TNBC, and inhibition of these pathways 

reduced mammosphere formation and tumor growth in vivo41.  

WNT/β-catenin signaling in CSCs  

WNT proteins is a family of secreted proteins with multiple roles in normal cell biology and 

developmental processes, including generation of cell polarity and cell fate specification5. WNT 

signaling is initiated by the binding of secreted WNT proteins to co-receptors Frizzled (FZD) and low-

density lipoprotein receptor-related protein 5 and 6 (LRP5/6)42, thereby initiating different intracellular 

signaling cascades either through β-catenin or by a non-canonical β-catenin-independent pathway43 

(Figure 2). Several members of the WNT family are expressed at various stages of mammary gland 

development, before, during and after reproductive ages5. 

Aberrant WNT/β-catenin signaling is frequently found in cancers, and clinical evidence suggests that 

elevated WNT/β-catenin signaling is associated with higher tumor grade and poorer prognosis. 

Moreover, increased expression levels of β-catenin has been observed across multiple human breast 

cancer subtypes, especially in TNBC44. Although the first link between WNT signaling and breast cancer 

was established almost 40 years ago, when Wnt1 was identified as a proto-oncogene capable of driving 

mammary tumor formation in mice, many details about the basic biological mechanisms through 

which the complex WNT signaling network affects breast cancer initiation and progression remain 

uncertain. WNT/β-catenin signaling affects different biological cell functions in breast cancer, including 

cell proliferation, cell motility and invasion45. Activation of the WNT-receptor results in translocation 

of β-catenin to the nucleus, where it functions as a co-transcription factor of tumor-oncogenes, such 
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as CCND1, MYC, AXIN2 and matrix metalloproteinase 7 (MMP7)46-49, in invasive ductal breast 

carcinomas50 and especially in TNBC44.  

WNT/β-catenin signaling has been found to be associated with stem cell renewal51 and 

differentiation52 of healthy epithelial cells. In breast CSCs, WNT/β-catenin is associated with self-

renewal and mammosphere formation41, cell migration and invasion53 and is involved in resistance to 

both apoptosis and radiation therapy54,55. Knockdown of β-catenin reduces the stem-cell-like cell 

populations, tumor size and resistance to doxorubicin of TNBC cells56. The canonical-β-catenin-

independent signaling pathway signals through WNT-dependent stabilization of proteins (WNT/STOP), 

which stabilizes cellular proteins and slow down protein degradation to maintain mitotic cell 

division57,58. In a metastatic setting, cytokine signaling from the local bone microenvironment induces 

intracellular NF-κB and CREB signaling in breast cancer cells, which initiates an autocrine WNT signaling 

loop leading to CSC colony formation in the bone marrow59.  

In the non-canonical β-catenin-independent signaling pathway, the Forkhead box C1 (FOXC1) 

transcription factor induces the expression of WNT5A, a ligand that activates NF-κB signaling to induce 

transcription of the matrix-metalloproteinase MMP7 expression. This WNT5A-NF-κB-MMP7 axis 

elicited by FOXC1 is essential for the invasiveness of TNBC cells60. Non-canonical WNT signals induce 

cytosolic Ca2+release from the endoplasmatic reticulum through activation of phospholipase C (PLC). 

Calcineurin is a downstream effector of the WNT/Ca2+ signaling cascade, the activation of which leads 

to dephosphorylation and subsequent nuclear translocation of nuclear factor of activated T-cells 

(NFAT) for the transcriptional activation of NFAT-target genes, including genes involved in cell cycle 

regulation in G1 phase and in apoptosis as well as promotion of migration and invasion61,62.     

Recently, we presented data suggesting that blocking WNT/β-catenin signaling reduces CSC expansion 

as evaluated by a marked reduction in mammosphere formation by cell line-derived tumor-initiating 

cells and patient-derived TNBC cells41. Others suggest that diminishing both epithelial and 
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mesenchymal CSCs in TNBC and reducing EMT/MET interconversion requires dual inhibition of the 

WNT/β-catenin and the Hippo/YAP pathway63. In addition, recent results have shown that modulating 

WNT signaling affects PD-L1 expression on CSCs from TNBC cell lines64, which could serve as a strategy 

to enhance the effect of anti-PD-L1 immunotherapy. Whether inhibition of WNT signaling also reduces 

PD-L1 expression, and thus reduces the effect of anti-PD-L1 immunotherapy, has not been examined. 

Several inhibitors of WNT signaling, both for the canonical β-catenin-driven signaling and the non-

canonical signaling, are in pre-clinical and clinical development and promising results for breast cancer 

have been obtained with the broad-spectrum anti-FZD antibody (OMP-18R5/vantictumab), which 

blocks FZD1, 2, 5, 7, and 865. In pre-clinical trials, OMP-18R5 was shown to inhibit the outgrowth of 

breast cancer patient-derived xenografts (PDXs) and sensitizes CSCs to taxanes66. However, clinical 

trials testing the drugs impact on breast cancer patient outcome needs to be performed. 

NF-κB signaling in CSCs 

NF-κB was originally identified as an important transcription factor that mediates various immune and 

inflammatory responses67. Subsequently, NF-κB signaling was found to contribute to a broad range of 

biological processes, including cell adhesion, differentiation, proliferation, autophagy, senescence and 

cell survival. In the absence of stimulating signals, NF-κB dimers are sequestered in the cytoplasm by 

binding to inhibitory IκB proteins. Upon activation, it translocates to the nucleus where it induces 

target gene expression. In cancer cells, oncogenic mutations in NF-κB signal mediators appear to be 

rare in solid tumors, however mutations in oncogenic signaling pathways, for example in the Ras 

pathway or in IκB genes, may enhance NF-κB activity, which lead to excess survival and therapeutic 

resistance68,69.  

NF-κB signaling typically operates through two major pathways: canonical and non-canonical. In brief, 

the canonical NF-κB is driven by the IKK complex containing IKKα, β, and γ subunits where 

phosphorylation of IκBα leads to its degradation, allowing the RelA and p50 NF-κB subunits to 

accumulate in the nucleus and regulate transcription of target genes (Figure 3). Non-canonical 
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signaling leads to stabilization of the NF-κB-inducing kinase (NIK), which activates IKKα homodimers, 

leading to cleavage of the p100 subunit of NF-κB producing an active RelB-p52 NF-κB dimer that 

translocates to the nucleus and regulates transcription (Figure 3). Canonical and non-canonical NF-κB 

subunits regulate expression of distinct and overlapping sets of target genes. Both pathways have been 

described to be involved in the maintenance of a variety of stem cells and CSCs. The role of NF-κB in 

CSCs of glioblastoma, ovarian cancer, multiple myeloma, lung cancer, colon cancer, prostate cancer, 

and bone cancer has been detailed in a recent review70.  

In mouse models of HER2-driven breast cancer, the canonical NF-κB pathways contribute to stemness 

and tumor formation71. In TNBC, we recently showed that blocking the canonical NF-κB pathway with 

the inhibitor CAPE resulted in decreased mammosphere formation of tumor-initiating TNBC cell lines 

and of patient-derived TNBC cells. Additionally, blocking NF-κB signaling in mice transplanted with 

tumor-initiating TNBC cells reduced tumor outgrowth41. These results are consistent with a previous 

publication showing that inhibition of NF-κB prevented tumorigenesis of CD24-/low/CD44+ cells from 

different breast cancer cell lines in vivo72.  

Numerous cytokines support CSC maintenance in an NF-κB-dependent manner. A feedback loop 

between TNFα and NF-κB has been described in different cancers. TNFα treatment of MCF7 breast 

cancer cells increased their mammosphere-forming capacity through upregulation of NF-κB25. TNBC 

CSCs have previously been shown to exhibit high NIK expression and downregulation of NIK resulted 

in decreased mammosphere formation and tumor generation73. Additionally, for the non-canonical 

NF-κB pathway it seems that TNF-α induces the expression of TAZ, a transcriptional co-activator, and 

increases CSCs in both ER+ and TNBC cell lines74. TAZ do not bind to DNA directly, but can be recruited 

to specific target promoter sequences through binding to the TEAD transcription co-factor, and 

regulate the expression of genes that are essential for proliferation, apoptosis and EMT75,76. 

NF-κB also contributes to the invasive and metastatic capabilities of CSCs, which can occur through 

modulation of the extracellular environment or through EMT. Inhibition of NF-κB may revert the EMT 
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in mammary epithelial cells and decreased metastasis in an in vivo murine mammary carcinoma 

model77. Another study found overexpression of AXL in breast CSCs and inhibition of AXL decreased 

NF-κB activity, expression of EMT-associated genes, invasion and tumor formation and, importantly, 

restored cell sensitivity to chemotherapy78. 

Given the close relation between NF-κB signaling and cancer biology, there has naturally been an 

interest in targeting the pathway therapeutically. Several studies have shown that either knockdown 

of pathway components or targeted inhibitors produced a decrease in cancer stem cell-like 

phenotypes in vitro and decreased tumor growth and/or metastasis in vivo. Results from a TNBC study 

showed that upregulation of IRAK1 drives NF-κB activation and cytokine production, leading to CSC 

enrichment and paclitaxel resistance79. A combination of taxane treatment with sulforaphane may be 

beneficial for reducing primary tumor volume together with eliminating CSCs80. These results suggest 

that combining NF-κB inhibition with traditional cancer therapies might be an effective treatment 

against CSCs as well as a way to restore sensitivity to other therapeutic options.  

Crosstalk between signaling pathways extends the functions of the individual pathways and results in 

a more complex regulatory network, inherent to the diversity and homeostasis of biological systems81. 

NF-κB frequently cooperates with additional signaling pathways to mediate oncogenic effects. 

Evidence suggests that NF-κB is cross-coupled to the WNT/β-catenin pathway. Specifically, 

overexpression of β-catenin in breast and colon cancers could inhibit NF-κB activity by physical 

interaction82, but there are also reports on positive regulation wherein co-activation of NF-κB and β-

catenin facilitates stem cell-like phenotypes in breast cancer83. The complex cross-talk between 

signaling pathways of Wnt, Notch, Hippo, Hedgehog, mitogen-activated protein kinase, 

phosphoinositide 3-kinase (PI3K)-Akt, and the nuclear NF-κB has been detailed in a recent review84.  

Cholesterol metabolism in CSCs 

Cancer cells are fast-proliferating and require many nutrients, including high levels of cholesterol that 

substantially contribute to cancer progression, including cell proliferation, migration and invasion85. 
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Specifically for CSCs, cholesterol contributes to breast CSC biology by enhancing survival86,87, 

propagation87,88, drug resistance88 and migration86. As nutrients are often a limiting factor for 

propagation, cancer cells display significant metabolic reprogramming that enable them to survive and 

proliferate in a nutrient-poor tumor microenvironment. For example, cancer cells preferentially utilize 

glycolysis despite the availability of adequate oxygen (known as aerobic glycolysis or the Warburg 

effect), thereby maintaining high levels of glycolytic intermediates for biosynthetic requirements while 

decreasing the production of reactive oxygen species (ROS) from oxidative phosphorylation 

(OXPHOS)89,90. In addition to glucose and amino acids, cancer cells utilize fatty acids to produce energy 

and upregulate enzymes and transcription factors involved in cholesterol biosynthesis pathway to 

sustain proliferation85. In contrast to their differentiated progeny, quiescent CSCs within a tumor do 

not need massive macromolecule synthesis. The quiescent state of a cell is considered a catabolic state 

and associated with autophagy, and the metabolic pathways utilized in CSCs may differ from those in 

differentiated cells91. When redistributed into the cell cycle, breast CSCs depend more on OXPHOS for 

their energy needs than their differentiated progeny. Breast CSCs produce less lactate, have a higher 

number of mitochondria, produce more ATP and consume more glucose than their differentiated 

counterparts92. More specifically, in colorectal cancer, the bulk tumor cells produce lactate that 

promotes self-renewal of CSCs, likely through WNT/β-catenin signaling, contributing to progression of 

the disease93. 

Cholesterol is vital for the survival and growth of mammalian cells. In addition to being a membrane 

component, cholesterol is a precursor to bile acids, certain fat-soluble vitamins, sex hormones 

(estradiol and testosterone) and steroid hormones (cortisone and aldosterone). Most cells acquire 

cholesterol from low-density lipoprotein (LDL) taken up from the circulation via LDL receptor (LDLR)-

mediated endocytosis85. The role of dietary cholesterol in cancer development is controversial and 

might be indicative of a lifestyle prone to health-related problems, including cancer. Cholesterol, 

through the activation of the orphan nuclear receptor, estrogen-related receptor alpha (ERRα), 
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increases CSC propagation and drug resistance of breast cancer cell lines88. Beyond dietary cholesterol 

uptake, cells can acquire cholesterol by the de novo biosynthesis pathway and intracellular cholesterol 

levels appear more important than dietary cholesterol in cancer development94,95.  

The de novo cholesterol biosynthesis pathway is initiated by the condensation of two Acetyl-CoA 

molecules in the cytosol, thus forming Acetoacetyl-CoA, which subsequently reacts with a third Acetyl-

CoA yielding 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). HMG-CoA is reduced to mevalonate by 

HMG-CoA reductase (HMGCR), the primary rate-limiting enzyme in cholesterol biosynthesis. 

Mevalonate is converted to farnesyl pyrophosphate (FPP) by a series of enzymatic reactions. The 

condensation of two FPP molecules to squalene commits the process to sterol production. FPP also 

gives rise to geranylgeranyl pyrophosphate (GGPP), and both FPP and GGPP can prenylate and activate 

several oncogenic proteins, such as Ras. Squalene is converted to lanosterol, which follows the Bloch 

pathway, the Kandutsch-Russell pathway or a hybrid pathway before it is finally converted to 

cholesterol85 (Figure 4). 

In a recent study, we identified a highly active metabolic program associated with cholesterol 

biosynthesis as an additional pathway central for CSCs in TNBC87. The pathway was identified by 

comparative proteomic analysis of primary breast cancer tissue and corresponding PDXs and 

mammospheres, the latter being enriched for CSCs. The generated mammospheres exhibited 

increased expression of several proteins associated with cholesterol biosynthesis compared to the 

primary breast cancer tissue. Interestingly, the identified proteins associated with cholesterol 

biosynthesis correlated with poor relapse-free survival of basal-like breast cancer patients. Inhibition 

of the de novo cholesterol synthesis-program by gene interference or treatment with simvastatin, 

which inhibits HMG-CoA reductase, inhibited mammosphere formation and growth of CSCs from PDX 

tumors derived from TNBCs87. These results are supported by studies showing that cholesterol 

biosynthesis is enhanced through the upregulation of HMGCR and HMG-CoA synthase 1 in TNBC cells96. 
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Supportive of these observations, a large siRNA screening study in which 4,800 druggable genes were 

analyzed in a 3D culture setting found that the cholesterol biosynthesis and synthesis of unsaturated 

fatty acids pathways were the only selective CSC druggable targets97. 

Several preclinical studies suggest that targeting cholesterol synthesis pathways could be useful for 

modulating cancer98-101, and statin use has been associated with increased recurrence-free breast 

cancer survival102,103 and decreased metastatic tumor dissemination104,105. Currently, simvastatin is 

being evaluated in a phase II clinical trial for metastatic HER2+ breast cancer106. In addition to the anti-

tumor effects, statins can synergize with certain chemotherapeutic agents to decrease development 

of multidrug resistance107,108. Further, pre-clinical investigation combining statin treatment with an 

antagonist targeting the RORγ transcription factor have shown promising anti-tumor effects selectively 

in TNBC. RORγ is a driver of genes encoding proteins involved in cholesterol biosynthesis. Co-treatment 

of TNBC cells and organoids with RORγ antagonists and statins decreased cholesterol biosynthesis 

proteins, causing tumor regression and blocking metastasis of TNBC cell line-derived orthotopic 

xenograft tumors and of TNBC PDX models. Importantly, genetic and pharmacological inhibition of 

RORγ did not affect host cholesterol homeostasis, and statin use at doses therapeutic for 

hypercholesterolemia is generally safe109. Inhibition of the mevalonate pathway with 

farnesyltransferase inhibitors (FTIs) has also shown promise in preclinical breast cancer studies. FTI-

treatment of breast cancer cell lines induces proliferative CSCs to undergo dormancy, contributing to 

a synchronization of cells and FTI withdrawal that allow cellular growth and render CSCs more 

susceptible to chemotherapeutics110. FTIs have been shown to improve breast cancer prognosis in a 

phase II clinical trial, especially for TNBC111,112. Additionally, the FDA-approved anthelminthic drug 

pyrvinium pamoate (PP) was recently shown to inhibit the de novo synthesis of cholesterol and fatty 

acids by impairing the anabolic flux of glucose toward fatty acids and cholesterol biosynthesis, affecting 

the survival and migration of TNBC CSCs86.  
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A preclinical study has shown that inhibition of intracellular cholesterol transport using leelamine, a 

small lysosomotropic compound, can lead to ER stress and autophagy113. Potentially, inhibition of 

intracellular cholesterol transport can inhibit tumor cell metastasis by interfering with cholesterol 

levels in the trans-golgi network and reduce cell surface expression of integrins that are fundamental 

for cancer cell migration during metastasis114-116. However, this remains to be demonstrated. 

Additionally, geranylgeranylation of proteins, a branch of the cholesterol synthesis pathway, has been 

described to be essential for maintaining stemness of basal breast cancer cells and inhibition or 

reduction of the CSC subpopulation in primary breast cancer xenografts98. 

Concluding remarks 

Significant efforts have been made to gain biological insight into breast CSCs to identify and target 

these cells therapeutically. CSCs are a small subpopulation of cancer cells that have self-renewal 

capacity and differentiation potential, thereby conferring tumor heterogeneity and therapy resistance 

and subsequent local relapse and metastasis. Recent research has moved from single surface proteins 

as biomarkers for CSCs towards signaling pathways essential for the tumor-initiating ability and 

therapy resistance of CSCs. In this concise review, we described three key pathways of breast CSCs: 

WNT signaling, NF-κB signaling and cholesterol biosynthesis. These three pathways are important for 

CSC proliferation, survival and other cancer stem-like properties. Phenotypic and functional 

characterization of breast CSCs is important to develop novel targeted therapeutics that, in 

combination with current standard of care, might prove more effective. 
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Figure Legends  

 

Figure 1. Key biomarkers and pathways in breast cancer stem cells (CSCs). CSCs can be identified using 

a combination of specific biomarkers. Additionally, multiple signaling pathways are altered in CSCs, the 

most significant of which are highlighted in the figure.   

 

Figure 2. The role of WNT signaling pathways in breast cancer stem cells (CSCs). The WNT pathway is 

associated with self-renewal and mammosphere formation in breast CSCs. WNT signals either through 

β-catenin or a β-catenin independent pathway and binds to both co-receptors LRP5/6 and Frizzled 

(FZD). WNT-receptor interaction leads to recruitment of Axin and Dishelved (Dvl) proteins to the 

membrane and induces inhibition of glycogen synthase kinase (GSK)3β protein. GSK3β is a negative 

regulator of the WNT/β-catenin pathway by phosphorylating β-catenin. Once GSK3β is inhibited, β-

catenin moves to the nucleus and acts as a co-transcriptional activator of the transcription of genes 

involved in proliferation, survival and differentiation. Independent of β-catenin, WNT5A activates NF-

κB signaling leading to transcription of matrix metalloproteinase 7 (MMP7), affecting invasiveness of 

the cells. Additionally, the β-catenin-independent signaling pathway activates WNT-dependent 

stabilization of proteins (WNT/STOP), which stabilizes target proteins involved in cell-cycle 

progression.  

Non-canonical WNT signaling through FZD receptors is involved in Ca2+ release from the endoplasmatic 

reticulum via activation of phospholipase C (PLC). Calcineurin is a downstream effector of the 

WNT/Ca2+ signaling cascade, the activation of which leads to transcriptional activation of NFAT-target 

genes involved in cellular proliferation, apoptosis and migration and invasion of cancer cells. Blocking 

WNT signaling has been shown to reduce mammosphere formation. The broad-spectrum anti-FZD 

antibody OMP-18R5 inhibits tumor outgrowth and sensitizes CSCs to chemotherapy. Furthermore, 
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modulation of WNT signaling affects the expression of PD-L1, which could serve as a strategy to 

enhance the effect of immunotherapy treatment of TNBC patients.  

 

Figure 3. The role of the NF-κB signaling pathways in breast cancer stem cells. NF-κB signaling consists 

of a canonical and a non-canonical pathway, both of which influence stemness and tumor formation. 

On the left, the canonical NF-κB is driven by the IKK complex containing IKKα, β, and γ subunits. 

Phosphorylation of IκBα leads to its degradation, allowing the RelA-p50 dimer to accumulate in the 

nucleus and regulate transcription of target genes involved in proliferation, apoptosis, matrix 

remodeling and cytokine production. IRAK1 increases NF-κB activity leading to CSC enrichment. The 

NF-κB pathway is cross-coupled to several signaling pathways, including the WNT/β-catenin pathway. 

Specifically, β-catenin has been shown to positively regulate NF-κB in breast cancer to facilitate stem 

cell-like phenotypes.  

On the right, the non-canonical NF-κB pathway is downstream of TNFR, CD40L or RANK and is driven 

by an activation of an IKKα dimer by the NF-κB-inducing kinase (NIK). This leads to cleavage of the p100 

subunit and the production of an active dimer consisting of RelB and p52 subunits. The RelB-p52 dimer 

accumulates in the nucleus and regulates the transcription of target genes involved in survival. For the 

non-canonical NF-κB pathway, the ligand TNF-α induces the expression of the transcriptional co-

activator TAZ, leading to an increased propagation of CSCs. Caffeic acid phenetyl ester (CAPE) 

suppresses NF-κB signaling by inhibiting its translocation to the nucleus. Blocking NF-κB signaling with 

CAPE decreases mammosphere formation and reduces tumor growth. 

 

Figure 4. The role of the cholesterol biosynthesis pathway in breast cancer stem cells (CSCs). 

Cholesterol is vital for survival and growth of mammalian cells, and the cholesterol biosynthesis 

pathway plays a key role in CSCs in triple-negative breast cancer (TNBC). The cholesterol biosynthesis 
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pathway is initiated by the condensation of two Acetyl-CoA molecules forming Acetoacetyl-CoA, which 

reacts with a third Acetyl-CoA molecule yielding HMG-CoA. HMGCR, the rate-limiting enzyme, reduces 

HMG-CoA to mevalonate. A series of enzymatic reactions convert mevalonate to Farnesyl-

pyrophosphate (FPP). Two FPP molecules are combined to form squalene, which commits the process 

to sterol production wherein squalene is converted to lanosterol. By following either the Bloch 

pathway or the Kandutsch-Russel pathway, lanosterol is converted to cholesterol. FPP also gives rise 

to GGPP, and both FPP and GGPP can give rise to prenylation of proteins. Statins (e.g. simvastatin) 

inhibit the rate-limiting step in the cholesterol biosynthesis pathway reducing the growth of CSCs.  

 

Graphical abstract. The WNT, NF-κB and cholesterol biosynthesis pathways are essential signaling 

pathways for the tumor-initiating ability, therapy resistance and tumor progression of triple-negative 

breast cancer stem cells 


