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Abstract: More and more studies have proved that there are a small number of cells with self-renewal and dif-
ferentiation ability in breast tumors, namely breast cancer stem cells. Such cells play a key role in the initiation, 
development and migration of breast tumors. The properties of breast tumor stem cells are regulated by a range 
of intracellular and extracellular factors, including important signaling pathways, transcription factors, non-coding 
RNAs, and cytokines such as Hedgehog, Wnt, Notch, microRNA93, microRNA100, and IL-6. Tumor microenviron-
ment (such as mesenchymal stem cells, macrophages and cytokines) plays an important role in the regulation of 
breast tumor stem cells. Using the keywords including “breast cancer stem cells”, “signal pathway”, “chemotherapy 
tolerance”, and “non-coding RNA”, “triple negative breast cancer”, “inhibitors”, this study retrieved the original 
articles and reviews published before October 3, 2021, from PubMed and WEB OF SCI database and this study 
performed a comprehensive review of them. After treatment, there is a correlation between the metastasis-prone 
nature and recurrence with breast cancer stem cells. The signaling pathway of breast cancer stem cells plays a sig-
nificant role in activating the function of breast cancer cells, regulating the differentiation of breast cancer cells and 
controlling the division of breast cancer cells. This imbalance leads to the uncontrolled growth and development 
of breast cancer cells. Targeted therapy that blocks the corresponding pathway may become a new perspective for 
breast cancer treatment. In addition, corresponding therapeutic strategies can be used according to the expression 
characteristics of different molecular types of breast cancer stem cells. For ER-positive breast cancer, simultane-
ous endocrine therapy and targeted therapy of tumor stem cells may improve the efficacy of endocrine therapy. 
Trastuzumab therapy significantly reduces the risk of recurrence of HER2-positive breast cancer. For drug-resistant 
patients, combination therapy is required due to the different phenotypes of epithelial-mesenchymal transforming 
tumor stem cells. This study briefly reviews the research progress of breast cancer stem cell-related signaling path-
ways and their inhibitors, in order to provide a reference for breast cancer patients to obtain more effective clinical 
treatment.
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Introduction 

At present, breast cancer is the most common 
malignant tumor in women. In the past two 
decades, the incidence of breast cancer has 
increased year by year, and it has become the 
number one cancer killer threatening women’s 
health [1]. According to the “Statistics Report  

of Global Cancer in 2018” released by the 
World Health Organization’s International Ag- 
ency for Research on Cancer (IARC), there were 
2.1 million new cases of breast cancer in 
women worldwide in 2018, accounting for 
about a quarter of all cancers in women. The 
number of deaths accounted for approximately 
11.6% of all cancer deaths, ranking among the 
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top three in both morbidity and mortality [2]. 
Although great progress has been made in the 
early diagnosis and comprehensive treatment 
of breast cancer, some patients still experience 
local recurrence or distant metastasis [3]. With 
the further study of tumorigenesis mechanism 
and stem cell theory, solid tumor stem cell the-
ory has attracted more and more attention. 
BCSCs are a group of self-renewing, highly 
tumorigenic pluripotent cells that are closely 
associated with breast cancer initiation, metas-
tasis, recurrence and emergence of drug resis-
tance [4]. Among the various treatment meth-
ods for breast cancer, only targeted elimination 
of BCSC is the key to curing breast cancer fun-
damentally. According to the cancer stem cell 
theory, cancer stem cells play a decisive role in 
cancer formation and growth, and are the root 
cause of cancer recurrence, metastasis and 
chemotherapy resistance. Currently, it is be- 
lieved that Wnt, Notch, Hedgehog and other sig-
naling pathways are involved in the self-rene- 
wal process of breast cancer stem cells, and 
play an important role in the occurrence, devel-
opment and drug resistance of breast cancer 
[5]. Targeted drugs for the above-mentioned 
pathways will bring new ideas for breast cancer 
treatment. In view of this, this study reviews the 
research progress of breast cancer stem cell-
related signaling pathways and their inhibitors, 
and also reports the effect of breast cancer 
stem cells on the efficacy of breast cancer 
patients with different molecular types.

Discovery, isolation and purification of breast 
cancer stem cells

Many cancer tissues, including breast cancer, 
contain some cells with very high tumorigenic 
capacity and very low differentiation. These 
cells are called “cancer stem cells” (CSCs) and 
they are characterized by self-renewal and mul-
tidirectional differentiation as stem cells. The 
isolation and identification of tumor stem cells 
are important prerequisites for the develop-
ment of tumor stem cell research. Since the 
identification of tumor-initiating CD34+/CD38- 
cells in AML provided conclusive evidence for 
the existence of tumor stem cells, tumor stem 
cells have been identified in a variety of other 
tumors [6]. Al-hajj et al. [5] identified solid 
tumor stem cells in breast tumors for the first 
time. Self-renewal and differentiation of mam-
mary stem cells were studied by lentiviral vec-
tor-mediated RNA interference or gene overex-

pression and by Sphere Forming assay in vitro 
suspension culture and NOD/SCID mouse mo- 
del. At present, it is a method system widely 
adopted by stem cell researchers [7]. Due to 
the heterogeneity of tumors, different tumors 
have different phenotypes and functions. Even 
within the same tumor, different cells may have 
different phenotypes and functions, particular-
ly in breast tumors. Breast tumors are com-
posed of many breast tumor cells with different 
phenotypes. Al-hajj et al. [5] isolated multiple 
cell populations according to different cell sur-
face molecular expressions, and used immuno-
deficient mice to identify cells with CD44+CD- 
24-/Low Lineage- phenotype with ability to initi-
ate tumor growth. Later, Ginestier et al. and Liu 
et al. isolated and identified ALDH+ cells from 
breast tumors with the characteristics of tumor 
stem cells, indicating that heterogeneity also 
existed in tumor stem cells [8, 9]. 

In recent years, breast cancer stem cells 
(BCSCs) have been closely related to epithe- 
lial-mesenchymal transition (EMT). It has been 
found that breast tumor stem cells have at 
least two different phenotypic and functional 
states-epithelial-like states and mesenchymal-
like states. Epithelioid BCSCs are dominated by 
ALDH+ cells, which are distributed in the central 
region of the tumor and are in a relatively active 
proliferation state. They can undergo rapid pro-
liferation and self-renewal, thus generating new 
tumor masses. However, mesenchymal BCSCs 
are mainly CD44+CD24- cells, which are distrib-
uted at the edge of the tumor and in a static 
proliferation state, but have strong invasion 
ability. They can enter the blood vessels and 
migrate to the distal organs with the blood. 
Once they reach the distal organs, these stem 
cells are transformed into epithelial stem cells. 
It promotes the rapid proliferation of tumor 
cells in the distal organs, and the transforma-
tion between different states plays a key role in 
tumor growth and migration [9], and such trans-
formation may be regulated by various signals. 
These findings provide new ideas for further 
purification of breast cancer stem cells and 
more accurate targeting of cancer stem cells.

Tumor microenvironment plays an important 
role in the regulation of breast tumors stem 
cells

Tumor microenvironment contains a large num-
ber of non-tumor cells such as mesenchymal 
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Figure 1. Liu Y and Cao XT. Characteristics and significance of the pre-metastatic niche [10]. The pre-metastatic 
niche that is created by the TDSFs, BMDCs, regulatory/suppressive immune cells, and stromal components in the 
distant organ can be endowed with six enabling characteristics which promote tumor cell colonization and metas-
tasis. The characteristics of the premetastatic niche can be summarized as immunosuppression, inflammation, 
angiogenesis/vascular permeability, lymphangiogenesis, organotropism, and reprogramming.

stem cells (MSCs), immune cells, stromal cells, 
etc. These cells either secrete specific cyto-
kines or interact with each other directly. It 
plays a crucial role in the occurrence, develop-
ment and metastasis of tumors (Figure 1) [10]. 
It has been reported that cytokines IL-8 and 
IL-6 in the microenvironment have regulatory 
effects on breast tumor stem cells (Figure 2). 
Among them, the IL-8 pathway plays an impor-
tant role in the self-renewal of breast tumor 
stem cells. Since chemotherapeutic drugs can 
only kill common tumor cells, these apoptotic 
common tumor cells can release a large am- 
ount of IL-8, thereby activating the self-rene- 
wal and regeneration of cancer stem cells 
through the IL-8 CXCR1 pathway. This leads to 
further development of cancer [11]. In addition, 
bone marrow mesenchymal stem cells induced 
by IL-6 can secrete more cytokines such as IL-8 
and IL-6 and migrate from the bone marrow to 
the site of in situ breast cancer, promoting the 
self-renewal of tumor stem cells and the growth 
of in situ cancer [12]. These results suggested 
that the breast tumor microenvironment play- 

ed a significant role in breast cancer stem cells 
through some regulatory cytokines related to 
immune response, providing a new direction for 
targeted therapy of cancer stem cells. In other 
words, by interfering with cancer-related tumor 
microenvironment, such as blocking signal tr- 
ansduction of IL-8 and IL-6 [13], tumor stem 
cells could be effectively reduced, and tumor 
growth and metastasis could be inhibited, 
especially for triple negative breast cancer with 
high malignancy.

Recently, Liu’s team published a research 
paper on the Cancer Research website, reve- 
aling the remodeling and tumour-promoting 
effect of ALDH1A1 enzyme activity on the im- 
mune microenvironment of breast cancer.

It was found that ALDH1A1 reduced the pH 
value in tumor cells by ALDH1A1 enzyme activ-
ity, and then activated the TAK1-NFκB signaling 
pathway. The secretion of granulocyte-macro-
phage-stimulating factor (GM-CSF) in tumor 
cells was increased, which in turn induced an 
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Figure 2. Xu JH, Liu SL. Research 
progress in breast cancer stem 
cells [13]. Mesenchymal stem 
cells regulate stem breast tumors 
through the cytokine IL6-CXCL7 
network.

increase in MDSCs in the tumor microenviron-
ment. The increase of MDSCs ultimately inhib-
ited the anti-tumor immune activity of CD8+ T 
cells to promote breast tumor growth. The role 
of ALDH1A1 in breast tumor development was 
better elucidated, providing a new idea for the 
clinical treatment of malignant breast cancer 
[14].

Relationship between breast cancer stem 
cells and chemotherapy tolerance

After surgical resection and chemotherapy, 
ordinary breast cancer cells are removed and 
eliminated, but there are still a small number of 
malignant cancer cells lurking in the patient’s 
body to resist treatment. Some of these cancer 
cells are naturally resistant to chemotherapy, 
and some are induced by chemotherapy. These 
cells all have characteristics of breast cancer 
stem cells. These treatment-resistant breast 
cancer stem cells generate new breast cancer 
cells through continuous proliferation and dif-
ferentiation, leading to breast cancer recur-
rence, or spreading to other tissues and organs 
through invasion and metastasis, thus result-
ing in breast cancer metastasis [15]. The ca- 
uses of drug resistance of tumor stem cells 

(currently the main mechanisms) include: (1) 
Tumor stem cells have low differentiation and a 
high capacity to repair DNA damage. It is able  
to repair chemotherapy-induced cell damage 
and survive, and develop tolerance to treat-
ment [16]. (2) Under conventional conditions, 
tumor stem cells are dormant, that is, trapped 
in the G0/G1 phase of the cell cycle, thereby 
evading cell cycle-affecting chemotherapy. (3) 
The ALDH expression specific to cancer stem 
cells is not only an important biomarker for can-
cer stem cells, but also an important factor in 
inducing chemotherapy tolerance of cancer 
stem cells [17]. (4) As mentioned above, tumor 
stem cells, such as SP cells with high expres-
sion of ATP-binding transporters, including mul-
tidrug-resistant protein 1 and P-glycoprotein, 
can actively pump hydrophobic chemotherapy 
drugs out of the cell, reduce intracellular drug 
accumulation, increase drug efflux, and devel-
op resistance to chemotherapy drugs [18, 19]. 
(5) Tumor stem cells are usually concentrated 
in areas where tumor tissue is hypoxic.Oxygen 
in tumor cell microenvironment is one of the 
potential sensitization factors of radiation ther-
apy. Hypoxic areas in tumor tissues are enrich- 
ed with tumor stem cells, which are less sen- 
sitive to radiation therapy. (6) The activation of 
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tumor stem cell signaling pathway promotes 
the tolerance to chemotherapy and greatly in- 
creases the risk of breast cancer recurrence. 
For example, breast tumor stem cells from mice 
with activation of the Wnt/β-catenin signaling 
pathway were more resistant to chemotherapy 
[20].

Non-coding RNA and breast cancer stem cells

circRNA

At present, many circRNAs have been proved to 
be related to the proliferation of breast cancer 
stem cells, indicating their potential role as 
therapeutic targets for breast cancer [21]. 
Wang et al. [21] found that circRNA-000911 
acted as a miRNAs “sponge” for miRNA-449a, 
promoting the function of Notch 1 and the 
nuclear factor kappa-B (NF-κB) signaling path-
way. Therefore, circRNA-000911 overexpres-
sion would provide new strategies and direc-
tions for breast cancer treatment. The ability  
of circ-Foxo3 to induce apoptosis and inhibit 
breast cancer progression also makes it a 
promising therapeutic target for breast cancer 
[22]. Young et al. [23] preliminarily explored the 
expression pattern of circRNAs in breast can-
cer stem cells. Bioinformatics predictions of 
the circRNAs/miRNA interaction network sug-
gested that circRNAs may regulate the self-
renewal of breast cancer stem cells through 
the spongy action of miRNA. Further studies 
showed that circRNA vaccinia-related kinase 1 
(circVRK1) inhibited the expansion and self-
renewal of breast cancer stem cells.

Liang et al. [24] found that circDENND4C was 
positively correlated with the size of malig- 
nant breast tumors, and circDENND4C was 
closely correlated with Hypoxia inducible fact-
1α (HIF1α) in a hypoxia environment. In the 
hypoxic environment, it can reduce circDEN- 
ND4C surface level through down-regulated 
HIF1α, and then inhibit the proliferation of 
breast tumor cells. Liu et al. [25] believed that 
hsa_circ_0008039 was an oncogene in bre- 
ast cancer, which promoted the progression of 
breast cancer by enhancing the expression of 
transcription factor cadherin E2F3 through sp- 
ongy miRNA-432-5p. These results indicated 
that hsa_circ_0008039 may be a potential tar-
get for breast adenocarcinoma treatment. 
Zhang et al. [26] found that hsa_circ_0052112 
was up-regulated in MDA-MB-231 cells, and 

overexpressed hsa_circ_0052112 acted as a 
“sponge” for miRNA-125a-5p. Thus contribut-
ing to the migration and invasion of breast can-
cer cells. The research of Yang et al. [27] 
showed that circRNA ARF-Gap domain and FG 
repeat-containing protein 1 (Circ-agfg1) were 
regulated by miRNA-195-5p (G1/S-specific cy- 
clinE1, CCNE1) expression, which led to the 
occurrence and progression of triple negative 
breast cancer. CircAGFG1 may be a valuable 
prognostic marker and is expected to be a 
marker for the diagnosis and treatment of tri- 
ple negative breast cancer. Existing studies 
have demonstrated that many circRNAs are 
closely related to the proliferation, progression 
and self-renewal ability of breast cancer stem 
cells, and as a promising potential therapeu- 
tic target, they can provide a fresh therapeutic 
strategy and direction for breast cancer.

LncRNA

LncRNA acts directly or indirectly on cancer 
stem cells and regulates the occurrence and 
development of cancer. Some LncRNAs con- 
tain binding sites of stem cell-related miRNAs. 
The miRNAs can be competitively bound by 
miRNA sponge engineering to inhibit their re- 
gulation of stem cells. LncRNA H19 sequence 
has multiple potential let-7 family binding sites 
and is a sponge adsorption molecule of let-7.  
In muscle cells, deletion of H19 can lead to 
increased expression of let7 and promote stem 
cell differentiation [28]. Some lncRNA mole-
cules can interact with dry genes such as OCT4, 
SOX2, KLF4 and PcG to form a feedback loop 
and accurately regulate the proliferation and 
differentiation of stem cells [29]. The regulation 
of lncRNA on breast cancer stem cells is still in 
the preliminarystage. CD24-/low CD44+ LIN- cell 
subsets and ALDH+ cell subsets in breast can-
cer cells were confirmed to have stem cell char-
acteristics, and 100 cells with these character-
istics were able to regenerate breast tumors 
when transplanted into mice. 

Screening and characterizing the expression of 
LncRNAs in breast cancer stem cells will cer-
tainly reveal the regulatory pathways of breast 
cancer and provide more potential therapeutic 
targets to inhibit breast cancer recurrence and 
metastasis. Hou et al. found that transcription 
factor LINc-ROR in breast cancer cells induced 
EMT to promote the invasion and metastasis of 
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cancer cells [30]. In mammary epithelial cell 
MCF10A, overexpression of Linc-ROR signifi-
cantly increases the proportion of CD44+CD24- 
cell subsets with tumor stem cell characteris-
tics and the number of in vitro mammosphere 
formations. These results indicate that Linc-
ROR is involved in self-renewal and regenera-
tive tumor regulation of breast cancer stem 
cells.

LncRNA and SOX2OT (SOX2 transcript) derived 
from the intron sequence of dry factor SOX2 
gene have strong spatio-temporal specific re- 
gulation of embryogenesis. SOX2OT is positive-
ly correlated with SOX2 expression in breast 
cancer tissue samples. Overexpression of SO- 
X2OT can induce the expression of SOX2 [31]. 
SOX2OT is especially highly expressed in ER- 
positive breast cancer tissues and is highly 
sensitive to steroid hormones. Whether SO- 
X2OT regulates the ability of breast cancer 
stem cells to regenerate tumor by affecting 
SOX2 expression remains to be further stu- 
died.

Micro-RNA

Micro-RNAs (miRNAs) are a group of short RNA 
sequences that do not encode proteins. Stu- 
dies have found that miRNA expression at chro-
mosomal vulnerable sites in human breast can-
cer cells can be changed, indicating that miRNA 
is closely related to the occurrence of breast 
cancer [32]. miRNA can regulate the expres-
sion of related proteins and signal pathways, 
thus affecting the invasion and metastasis of 
breast cancer. Many miRNAs that regulate bre- 
ast cancer metastasis have been identified in 
studies in the past few years, such as miR-10b, 
miR-335, miR-373, miR-520 and miR-31. Re- 
cently, miR-33b, miR-34a and miR-let-7 have 
been studied. It was found that in breast can-
cer cell lines, the expression level of miR-33b 
was negatively correlated with the invasion and 
metastasis ability of breast cancer cells. miR-
33b regulates the dryness, invasion and metas-
tasis of breast cancer mainly by directly regulat-
ing the 3’UTR of the three downstream IE genes 
HMGA2, SALL4 and Twist1. The miR-33b can 
inhibit the breast microglobulin formation and 
dryness of breast cancer tumor stem cells [33].

Studies have found that overexpression of miR-
34a can inhibit the proliferation, invasion and 
metastasis of tumor stem cells [34]. Inhibition 

of miR-34a by miR-34a inhibitors can promote 
the proliferation, invasion and metastasis of 
tumor stem cells. The miR-34a can inhibit self-
renewal of breast cancer stem cells by down-
regulating SIRT1, and the mechanism may be 
related to down-regulating Nanog protein ex- 
pression. Lin28 is an RNA-binding protein that 
regulates the function of breast cancer stem 
cells by regulating let-7 expression [35, 36]. In 
addition, miR-100 has also been confirmed to 
be closely related to the metastasis mecha-
nism of breast cancer stem cells, and down-
regulation of miR-100 can increase the number 
of breast cancer stem cells and improve the 
proliferation ability of breast cancer cells in 
vitro. Low expression of miRNA-100 can incre- 
ase acetaldehyde dehydrogenase 1 (ALDH1) 
expression and reduce the survival rate of 
breast cancer patients [37]. Therefore, study-
ing the relationship between miRNA and tumor 
stem cell metastasis and related mechanisms 
are important for finding new ways of tumor 
therapy.

Research status of breast cancer stem cell 
signaling pathway and signaling pathway 
inhibitors

Breast cancer stem cells grow slowly, and their 
proliferation and self-renewal require activation 
of related signaling pathways. The cell signaling 
pathway plays an important role in regulating 
the normal growth of stem cells and the stabil-
ity of their internal environment. Normally, 
breast cancer stem cells are like normal stem 
cells and are in a quiescent state, unaffected 
by the activity of cell division. If mutations or 
abnormal activation of related pathways occur, 
the balanced state will be broken, and breast 
cancer stem cells will directly enter the prolif-
eration cycle and self-renewal, resulting in un- 
controlled cell growth and breast cancer. Cu- 
rrently, Hedgehog, Wnt and Notch pathways are 
the most widely studied signaling pathways of 
breast cancer stem cells.

Notch signaling pathway

Notch is an indispensable signaling pathway in 
various animals, regulating multiple life pro-
cesses of cells. Notch signaling pathway not 
only controls the tumor cells, including the gr- 
owth, differentiation, apoptosis, cycle and epi-
thelial cells-mesenchymal cells (EMT), and oth- 
er series of life processes. Moreover, it also 
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plays an important role in the growth and ma- 
turity of embryos, the formation of blood ves-
sels, the hematopoietic function, and the for-
mation of some tumors, physiological and path-
ological processes. Notch targets include Hes1, 
P21CIP1/WAF1, cyclin D and NF-κB [38]. Notch 
receptors bind to specific downstream genes to 
transmit the signal, inhibit the directed differ-
entiation of stem cells, and thus promote cell 
proliferation [39]. Activation of these genes 
may lead to excessive proliferation of breast 
cancer stem cells and inhibit apoptosis of bre- 
ast cancer cells. Notch pathway has been dem-
onstrated in breast cancer stem cells, and 
Notch antibody can inhibit Notch signaling pa- 
thway transduction. Notch receptors have been 
found to be expressed in breast cancer stem 
cells [40-42]. Overexpression of Notch1-4 has 
been shown to inhibit the differentiation of 
mammary epithelial cells and the development 
of breast cancer in vitro [43]. In vitro, overex-
pression of the active form of Notch4 inhibits 
mammary epithelial differentiation. Insertional 
mutated Notch4 gene induces malignant trans-
formation of mouse mammary tumor cells and 
induces mammary epithelial cells to lose their 
ability to form ducts [42]. The abnormal activa-
tion of Notch signaling pathway can lead to 
excessive proliferation of breast cancer stem 
cells, thereby promoting the occurrence and 
metastasis of breast cancer. Several ways to 
inhibit the Notch pathway have been studied, 
mainly including two types. One is selective 
blocking agents, mainly biological agents, in- 
cluding antisense RNA, interfering RNA and 
monoclonal antibody. Small molecule selec- 
tive inhibitors acting on the receptor have not 
been reported. Non-selective inhibitors include 
ligand blockers, γ-secretory inhibitors and so- 
me natural products. Monoclonal antibodies 
are currently being developed to block Notch1, 
2, and 3. Two classes of Notch1 mAb are being 
developed for the treatment of breast cancer 
(NRR1, Genentech and Exelixis) and Notch2 
mAb (NRR2, Genentech and Exelixis). Studies 
have shown that pretreatment of breast cancer 
stem cells with DAPT (novel GSI) or neutralizing 
antibody Notch4 can reduce the efficiency of 
microsphere formation [42]. Choy L et al. [43] 
found that docetaxel combined with MK0752 
reduced the number and volume of breast can-
cer stem cells and inhibited the formation of 
metastatic breast cancer. Currently, clinical tri-
als of MK0752 in combination with different 

drugs are also underway, such as MK0752 in 
combination with endocrine drugs or chemo-
therapy for breast cancer [44]. PF-03084014  
is also currently in phase I clinical trials for 
advanced breast cancer [45]. 

The combination of GSI MRK-003 and trastu-
zumab can inhibit breast cancer growth and 
avoid the recurrence of metastatic breast can-
cer [46, 47]. Studies have shown that this drug 
can significantly reduce Notch activity, inhibit 
breast cancer cell migration and microsphere 
formation, and reduce the expression level of 
Notch target gene. Recent studies have further 
verified that salamycin can inhibit breast can-
cer cells and breast cancer stem cells, and the 
mechanism of action may be through inhibiting 
Notch1/Hedgehog signal transduction path-
way. Through mammary pellet formation test, it 
has been confirmed that salamycin can inhibit 
the mammary pellet formation ability of bre- 
ast cancer stem cells. Flow cytometry show- 
ed that halamycin reduced the proportion of 
CD44+CD24- cells on the surface of breast can-
cer stem cells, and RT-PCR and Western Blot 
further showed that both mRNA and protein 
expression of ALDH1 decreased [48].

Activation of Wnt signaling pathway

Activation of Wnt pathway can interfere with 
the normal self-renewal of breast stem cells, 
induce abnormal proliferation and transforma-
tion of breast stem cells, and eventually lead to 
the formation of breast cancer stem cells. The 
expression of Wnt signaling pathway-related 
proteins is limited in normal breast stem cells, 
but increased in breast cancer stem cells. It 
has been found that inhibition of Wnt/β-catenin 
signaling pathway can inhibit the proliferation 
and migration of breast cancer cells [49]. Bre- 
ast cancer stem cells can also be isolated from 
breast tumors induced by mouse breast tumor 
virus carrying Wnt-1 gene [50]. These results 
suggest that Wnt signaling pathway plays an 
important role in maintaining self-renewal, un- 
differentiated state and adult development of 
breast cancer stem cells. Some studies have 
revealed that abnormal activation of Wnt sig-
naling pathway can cause abnormal breast 
cancer stem cells to form breast cancer [51]. 
The correction of Wnt pathway abnormalities 
can be accomplished by antagonizing recep-
tors that initiate the Wnt pathway, blocking the 
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information transfer of key signal transduction 
proteins in cells or disrupting the interactions  
of transcription initiation factor complexes, and 
using adenovirus to express genes encoding 
cytotoxins in breast cancer stem cells. The se- 
creted FZD-associated protein SFRP and Wnt 
inhibitor WIF can bind to Wnt-associated recep-
tors on the cell membrane, thereby antagoniz-
ing the Wnt signaling pathway. Monoclonal anti-
body Wnt-1 can inhibit the binding of Wnt ligand 
to a cell membrane receptor, induce changes  
in downstream proteins of Wnt pathway, and 
induce apoptosis of breast cancer stem cells. 
Using RNA interference technology and anti-
sense RNA can prevent intracellular signal 
transduction and effectively inhibit the growth 
of breast cancer. Non-steroidal anti-inflamma-
tory drugs, such as aspirin, indomestacin and 
sulinic acid, can down-regulate β-catenin in 
breast cancer stem cells and play an anti-
breast cancer effect. Kakarala et al. [52] pro-
posed that polyphenol needles, curcumin and 
pepper could block the Wnt pathway to reduce 
the volume of breast cancer stem cell micro-
spheres and the number of breast cancer stem 
cells. Another substance that inhibits Wnt sig-
naling pathway is pyrvinium, which can signifi-
cantly reduce the number of breast adenocarci-
noma stem cells and inhibit the growth and 
differentiation of breast cancer in vivo [53]. Xu 
et al. [54] studied the selective inhibition of 
breast cancer stem cells by plasma heating 
mediated by gold nanorods, and found that 
salamycin applied to gold nanorods for plasma 
heating could inhibit the formation of micro-
spheres and reduce the number of ALDH1 cells.

Hedgehoge signaling pathway

Hedgehog (Hh) signaling pathway is an indis-
pensable signaling pathway, which plays an 
important role in the early stage of embryonic 
development, especially in the process of epi-
thelial mesenchymal transformation [55]. It is a 
highly conserved signaling pathway. The basic 
components of Hh signaling pathway are main-
ly composed of its important ligand SHH, two 
essential membrane receptors Ptch, SMO and 
the representative transcription factors Gli 
family (Glil, Gli2, Gli3) downstream of SMO. The 
Hh homologous genes include SHH, Ihh, Dhh. 
Hh signaling begins with the binding of Hh 
ligand to the transmembrane protein receptor 
Ptch1 to activate Smo, which then acts on Gli2 

and Gli3 to induce transcription of the target 
gene Gli1. Therefore, Gli1 mRNA expression is a 
marker of Hh/Gli signal pathway activation. Hh 
regulates breast cancer-associated fibroblasts 
through activation of the Hedgehog signaling 
pathway and inhibits breast cancer stem cell 
proliferation [56]. Wolf [57] found that Ptch1 
protein was highly expressed in normal breast 
tissue, but decreased in invasive ductal carci-
noma. Hui M et al. [58] reported that in inva- 
sive ductal carcinoma, the expression levels of 
Ptch1, Smo, Gli1, Gli2 and Gli3 were positively 
correlated with the breast cancer proliferation 
index. It was suggested that Hh pathway was 
related to the occurrence of breast cancer, and 
Hh regulation could be used as an early event 
of breast cancer.

Hh signaling pathway is an important regulatory 
pathway of breast cancer stem cells, promoting 
the formation of breast cancer and the occur-
rence of multidrug resistance of breast cancer. 
Targeting Hh signaling may be a way to treat 
breast cancer and reverse drug resistance. Hh 
pathway inhibitors act directly on Hh ligands, 
receptors Ptch or Smo, and Gli1 proteins. The 
main inhibitors of Hh ligand are Shh antibody 
and PRARβ. Ptch inhibitors include Cur61414 
and 5-FU. Smo suppressor genes include cy- 
clopamine, USA-SMO5a, KAAD-cyclopamine, 
VitD3, SANT1-4, SMO-SiRNA, and Gli suppres-
sor factors including Glii-siRNA, FGF, REN-
KCTD11, Numb and PP2A. It is expected to be 
a new drug for breast cancer treatment. They 
can inhibit Hh signaling pathway expression in 
breast cancer at different levels. For example, 
salamycin can selectively kill breast cancer 
microspheres by inhibiting the expression of  
Hh signaling pathway Ptch, Smo, Gli1 and Gli2 
[59]. However, cyclopamine (a steroid alkaloid 
extracted from lilium plants) can bind to the 
seven-helix cluster region of Smo, thus inhibit-
ing intracellular signal transduction of Smo and 
further inhibiting transcription and expression 
of cytokines. While inducing apoptosis of can-
cer cells, cyclopamine has no effect on the 
growth of normal cells. It has entered clinical 
trials as an anti-breast cancer drug [60]. 
TSPAN8 is involved in tumor cell dry mainte-
nance by activating Sonic Hh signaling. In 2019, 
Wang’s team overexpressed TSPAN8 in a seri- 
es of tumor cell lines and found enhanced des-
iccation. It was characterized by increased size 
and number of microspheres, enhanced colony 
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Figure 3. Zhang PY, Liu YJ, Lian C, et al. [68]. SH3RF3 promotes breast 
cancer stem-like properties via JNK activation and PTX3 upregulation. Nat 
Commun. Schematic model of the role of SH3RF3 in BCSC regulation.

formation, increased CD44+/CD24- cell ratio, 
and enhanced cell resistance to the chemo-
therapeutic drugs doxorubicin (ADR) and pacli-
taxel (PTX). To evaluate the key signaling path-
ways through which TSPAN8 exerted this ef- 
fect, we overexpressed TSPAN8 in tumor cells. 
It was found that the mRNA and protein expres-
sions of PTCH1, GLI, HHIP and SHH (Hh signal-
ing pathway) were significantly increased, and 
SMO phosphorylation and GLI1 transcriptional 
activity were significantly increased. Treatment 
with Hedgehog pathway inhibitors vismodegib 
and Ru-ski43 reversed this phenomenon [61].

Other signal pathways

PI3K/Akt/mTOR, Hippo, JAK2/STAT3, and 
JAK2/STAT3 signaling pathways have also been 
found to be associated with breast cancer stem 
cells [62-64]. PI3K is overexpressed in breast 
cancer [65]. Harvey et al. [66] found that the 
transcriptional coactivator TAZ of Hippo signal-
ing pathway was closely related to the prolife- 
ration, migration and transformation ability of 
breast cancer stem cells. Also, the increased 
protein level of Hippo signaling pathway was 
related to breast cancer. The self-renewal and 
tumor-initiation abilities of breast cancer stem 
cells required the activation of TAZ [67].

JNK-JUN signaling pathway

The recent results of Hu’s gr- 
oup demonstrated that overex-
pression of SH3RF3 enhanced 
the tumorigenicity and metas-
tasis of breast cancer cells in a 
breast cancer cell model. The 
role of SH3RF3 in promoting 
tumor dry features was also 
demonstrated in organoid bod-
ies of breast cancer patients. 
Mechanism studies have sh- 
own that SH3RF3 can interact 
with MKK-JNK complex to pro-
mote the activation of JNK-JUN 
signaling pathway in a JIP de- 
pendent manner. The expres-
sion of PTX3 was thereby pro-
moted and ultimately the st- 
emness of tumor cells was 
improved and the malignancy 
of tumor cells was enhanced 
(Figure 3) [68].

PI3k-AKT signaling pathway

Recently, Chen’s research team found that a 
new gene SGCE inhibited the normal degrada-
tion of EGFR. In terms of mechanism, SGCE 
was found to bind to the E3 ubiquitin ligase 
C-CBL. SGCE deletion promoted the release of 
C-CBL and the ubiquitination of its substrate 
protein EGFR. This led to internalization of EG- 
FR to the lattice-mediated and macrocytosis 
pathways, followed by internalization of EGFR 
to lysosomal degradation. EGFR degradation 
leads to the blocking of downstream pathways 
and ultimately inhibits BCSC self-renewal and 
extracellular matrix ECM accumulation. When 
SGCE is highly expressed in BCSC, SGCE inter-
acts with C-CBL, and EGFR can normally acti-
vate its downstream signaling pathway PI3K-
Akt, promoting dry maintenance of BCSC, tu- 
mor cell migration, and resistance to chemo-
therapy drugs and EGFR-targeted inhibitors 
[69].

Relationship between tumor stem cells and 
the efficacy of different molecular types of 
breast cancer

Advances in breast cancer treatment have sig-
nificantly improved survival for breast cancer 
patients. Breast cancer is a heterogeneous dis-
ease, regulated by gene expression and epi-
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genetics. In ER positive breast cancer, histone 
methylation is associated with drug resistan- 
ce to tamoxifen or aromatase inhibitors and is 
associated with poor prognosis [70]. Studies 
have shown that the use of histone deacety-
lase inhibitors can enhance the sensitivity of 
tamoxifen treatment [71]. Clinical trials have 
shown that the combination of different his- 
tone deacetylase inhibitors can reverse endo-
crine resistance, whereas the use of one his-
tone deacetylase inhibitor alone cannot reverse 
endocrine resistance [72]. The tumor stem cell 
hypothesis has important implications in tumor 
therapy. Studies have found that tumor stem 
cells are insensitive to chemotherapy, and in 
fact, radiotherapy and chemotherapy can stim-
ulate tumor stem cells to enhance their ability 
to self-renew by secreting cytokines or DNA da- 
mage repair mechanisms [73]. Currently, the 
treatment of tumor is mainly targeted at the pri-
mary tumor cells. Gene mutations or epigenetic 
changes may cause the occurrence of distant 
metastases and treatment failure. Although 
tumor stem cells and their differentiated tumor 
cells share some of the same genetic mutation 
sites, tumor stem cells have some independent 
signaling pathways and are independent of the 
molecular typing of breast cancer. Therefore, 
combined with individualized treatment for mo- 
lecular typing, targeted therapy for tumor stem 
cells may significantly improve the efficacy of 
breast cancer treatment [74].

ER positive breast cancer

ER positive breast cancer can be divided into 
Luminal A and Luminal B based on ki-67 index. 
Although all patients can be treated with endo-
crine therapy, the prognosis of Luminal A pa- 
tients is generally better than that of Luminal B 
patients. This may be related to the low propor-
tion of Luminal A tumor stem cells, low hetero-
geneity of differentiated tumor cells and sensi-
tivity to endocrine therapy. 

However, Luminal B breast cancer may express 
a certain proportion of ER/PR negative tumor 
stem cells, and therefore endocrine therapy is 
less effective [75]. Studies have found that 
ALDH positive tumor stem cells do not express 
normal ERα, but express another subtype of 
ERα, thus affecting the effect of endocrine 
therapy. Vitro experiments have confirmed th- 
at endocrine therapy resistance is associated 

with an increased proportion of accompanying 
tumor stem cells [76]. Clinical treatment also 
found that neoadjuvant endocrine therapy 
caused an increased proportion of CD44+/
CD24- tumor stem cells. 

These results suggest that the combination of 
endocrine therapy and targeted therapy of 
tumor stem cells may improve the efficacy of 
endocrine therapy. In addition to estrogen re- 
gulation, hormone receptor-positive tumor st- 
em cells are also regulated by a number of 
growth factor-related signaling pathways, such 
as phosphatidylinositol 3-kinase, mammalian 
target of rapamycin (mTOR) and HER2. Previ- 
ous studies have demonstrated that endocr- 
ine therapy combined with mTOR inhibitors or 
CDK4/6 inhibitors can prolong disease-free 
survival in patients with ER-positive breast can-
cer [77]. These results suggest that mTOR or 
CDK4/6 inhibitors may enhance the efficacy of 
endocrine therapy in patients with ER-positive 
breast cancer.

HER2 positive breast cancer

Trastuzumab, a monoclonal antibody against 
human epidermal growth factor receptor 2 
(HER2), is widely used to treat HER2-positive 
breast cancer. Patients with HER2-positive 
breast cancer should be treated with trastu-
zumab, which can significantly reduce the risk 
of recurrence. In addition to trastuzumab, the- 
re are other targeted drugs available, such as 
pertuzumab and TDM-1. 

HER2 signaling pathway plays an important 
role in the pathogenesis and prognosis of 
breast cancer patients, and it is related to self-
renewal of breast cancer tumor stem cells [78]. 
Amplification of HER2 gene can increase the 
proportion of tumor stem cells, whereas tra- 
stuzumab can decrease the ability of cells to 
proliferate. Although trastuzumab is currently 
approved for use only in patients with HER2-
positive breast cancer, retrospective clinical 
studies have shown that trastuzumab also im- 
proves prognosis in patients with HER2-ne- 
gative breast cancer [79]. Although HER2-tar- 
geted therapy can improve the prognosis of 
patients with HER2-positive breast cancer, the 
drug resistance of breast cancer cells to trastu-
zumab remains an important factor affecting 
the therapeutic effect. 
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At the same time, deletion of the PTEN gene 
usually stimulates the production of epithelial-
mesenchymal transform-like tumor stem cells 
in HER2-positive breast cancers. Due to the  
different phenotypes of epithelial-mesenchy-
mal transformed tumor stem cells, a combina-
tion therapy strategy is required. To some 
extent, targeting Notch1 can reduce the dry-
ness of breast cancer cells and tumorigenesis 
ability of animals, suggesting that inhibition of 
the Notch1 signaling pathway may have a pr- 
omising applications in tumor therapy.

Triple negative breast cancer

Triple negative breast cancer (TNBC) lacks the 
expression of estrogen receptor (ER), proges-
terone receptor (PR) and human epidermal 
growth factor receptor 2 (HER2), and is a type 
of breast cancer with a high malignant degree, 
easy metastasis, high recurrence and poor 
prognosis. Due to the lack of effective thera-
peutic targets, chemotherapy is one of the 
main treatment methods for TNBC. However, 
chemotherapy drugs can kill the dividing tumor 
cells, but cannot effectively act on the tumor 
stem cells, resulting in the enrichment of tumor 
stem cells, and then the drug resistance of 
TNBC. As a result, drug resistance mediated by 
tumor stem cells is one of the difficulties in the 
treatment of TNBC. Studies have reported that 
differentiation inhibitor-4 is a significant factor 
regulating breast stem cell self-renewal, and is 
one of the indicators of poor prognosis in triple-
negative breast cancer patients [80]. There are 
many other signaling pathways that regulate 
triple negative breast cancer stem cells, such 
as Notch, Hedgehog, and IL-8-CXCR1. A num-
ber of clinical trials are currently examining 
whether inhibitors of these pathways can 
improve outcomes in patients with triple-nega-
tive breast cancer. Currently, cellular immuno-
therapy is also a hot direction in the treatment 
of triple negative breast cancer. Although re- 
cent studies suggest that immunotherapy such 
as programmed cell death Egg-1 inhibitors can 
improve the prognosis of some triple negative 
breast cancer patients, tumor stem cells can 
escape immune surveillance through various 
mechanisms. Therefore, immunotherapy of tu- 
mor stem cells remains a major challenge.

Recently, Chen’s team found that EGFR was 
highly expressed in more than 50% of TNBC 

patients, which was closely related to breast 
cancer cell proliferation, metastasis and dry 
maintenance of BCSC. However, EGFR inhibi-
tors (such as gefitinib and lapatinib) were not 
effective in the clinical treatment of breast can-
cer. SGCE molecules contribute to maintaining 
high EGFR expression in BCSC, and the remov-
al of SGCE expression can promote the effect 
of EGFR-targeted therapy in TNBC, thus provid-
ing a new strategy for the combination therapy 
of EGFR with other targets [69].

Conclusion and prospects

Since the 21st century, with the development 
of molecular biology and genomics, global pre-
cision medicine has opened a new era of preci-
sion cancer treatment. Molecular targeted ther-
apy of breast cancer stem cells is the most 
active field in breast cancer treatment resear- 
ch. The study of breast cancer stem cell signal-
ing pathway and the inhibitors provides a theo-
retical basis for the development of anti-breast 
cancer drugs targeting breast cancer stem cell-
related signaling pathways. In the future, more 
prospective studies are needed to kill breast 
cancer stem cells, protect normal stem cells, 
and provide safer and more effective individu- 
alized treatment for breast cancer patients.
Identifying predictors of effectiveness, optimiz-
ing the beneficiary population, and further 
investigating the efficacy and safety of target- 
ed drugs in combination with chemotherapeu-
tic agents will require sustained efforts. In 
order to maximize the efficacy of targeted 
breast cancer therapy, targeting breast cancer 
stem cells to benefit more breast cancer pa- 
tients is the future direction of treatment.
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