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Abstract
CD133 protein has been one of the most used surface markers to select and identify cancer cells with stem-like features. 
However, its expression is not restricted to tumoral cells; it is also expressed in differentiated cells and stem/progenitor 
cells in various normal tissues. CD133 participates in several cellular processes, in part orchestrating signal transduction of 
essential pathways that frequently are dysregulated in cancer, such as PI3K/Akt signaling and the Wnt/β-catenin pathway. 
CD133 expression correlates with enhanced cell self-renewal, migration, invasion, and survival under stress conditions in 
cancer. Aside from the intrinsic cell mechanisms that regulate CD133 expression in each cellular type, extrinsic factors from 
the surrounding niche can also impact CD33 levels. The enhanced CD133 expression in cells can confer adaptive advantages 
by amplifying the activation of a specific signaling pathway in a context-dependent manner. In this review, we do not only 
describe the CD133 physiological functions known so far, but importantly, we analyze how the microenvironment changes 
impact the regulation of CD133 functions emphasizing its value as a marker of cell adaptability beyond a cancer-stem cell 
marker.
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Introduction

One of the primary methodologies employed to identify and 
select cancer stem-like cells is the utilization of cell surface 
markers, with CD133 emerging as one of the most robust 
markers across different cancer types. CD133 + cells dem-
onstrate enhanced clonogenic capacity, particularly under 
anchorage-independent conditions, as well as tumor-initiat-
ing potential and resistance to chemotherapy compared to 
their CD133-negative counterparts within tumor. Moreover, 
CD133 expression has been linked to the co-expression of 
pluripotent genes, including Oct4, Sox2, Nanog, and c-Myc, 
which govern differentiation and self-renewal in pluripotent 
stem cells. This association has been correlated with long-
term self-renewal and the ability of tumors to repopulate 
in a fraction of tumor samples [1]. Interestingly, the loss of 
CD133 in embryonic cells does not affect the expression of 

pluripotency genes or their capacity to differentiate into the 
three germ layers. Instead, it adversely impacts proliferation 
rates and the ability to evade apoptosis, according to findings 
from various studies on tumor cells. CD133 deficiency dis-
rupts the coordinated regulation of key signaling pathways 
involved in tumorigenesis and apoptotic resistance, such as 
PI3K/Akt, WNT, AMPK, and P53 [2]. Similar outcomes 
have been observed in some cancer types [3, 4]

CD133 facilitates the establishment of signaling plat-
forms at the plasma membrane by recruiting proteins 
involved in cytoskeleton rearrangement, protein trafficking, 
and signal transduction. These platforms are essential for 
regulating protrusion architecture, ciliary dynamics and 
activating signaling pathways that control cell proliferation, 
differentiation, migration, and cell survival. It is important to 
note that CD133 expression is not limited to the cell surface 
of cancer stem-like cells, suggesting a broader biological 
function in various cellular contexts. Moreover, the levels 
of CD133 are dynamic and can be enhanced or restricted 
depending on the cellular context, intrinsic state, and exter-
nal stimuli from the surrounding niche. Its expression and 
processing can fluctuate throughout the cell cycle in dif-
ferent cell types [5, 6], increase under hypoxic conditions, 
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or be repressed or enhanced in response to nutritional and 
cytotoxic stress.

In this review, we provide a comprehensive summary of 
our current knowledge regarding CD133's structure, post-
translational modifications, and their impact on its function, 
subcellular localization, and protein stability. Additionally, 
we focus on how CD133 is regulated by changes in the tumor 
microenvironment, including oxygen levels, the extracellular 
matrix, tumor-associated cells, and chemotherapy, as drugs 
can impact the entire tumor microenvironment.

CD133: Structure, Localization, 
and Posttranslational Modifications

CD133 (also called Prominin-1) is a pentaspan transmem-
brane glycoprotein widely used for stem and progenitor cell 
identification in several normal tissues and cancer stem-like 
cells of different types of cancer. CD133 is primarily asso-
ciated with lipid rafts in the plasma membrane, forming 
part of a protein complex that regulates the structure and 
dynamics of protrusions (microvilli and primary cilia) [7–9]. 
Besides its cell surface localization, CD133 has also been 
found in the cytoplasm associated with endosomes as part 
of a cellular mechanism for recycling surface proteins and 
transporting them to other subcellular compartments. For 
example, in neuroblastoma, CD133 has been observed at the 
peri-centrosome region [10] and the nuclei in other cancers, 
such as rhabdomyosarcoma, hepatocarcinoma, breast can-
cer, non-small lung cancer, and colon-rectal cancer [11–15]. 
In addition, Rossi et al. (2019) reported that non-tumoral 
cells, such as endothelial colony-forming cells (ECFCs), 
characterized by lacking CD133 in their cell surface, exhibit 
CD133 intracellular expression, which was associated with 
revascularization potential after hind limb ischemia in con-
trast to mature endothelial cells [16]. The cytoplasmic and 
nuclear levels of CD133 have been associated with poor 
prognosis in non-small cell lung cancer and hepatocellular 
carcinoma [13, 14, 17], but further investigation is needed 
to understand its role in these subcellular compartments. 
Additionally, CD133 is secreted by cells in extracellular 
microvesicles and could potentially influence acceptor cells' 
phenotype and cellular state [18]. The different subcellu-
lar pools of CD133 could participate in specific biological 
processes such as proliferation, migration, autophagy, and 
chemoresistance in a cell context-dependent manner.

CD133 consist of five transmembrane domains, two 
extracellular loops susceptible to glycosylation, two 
smaller intracellular loops rich in cysteine, and a C-termi-
nal domain. Mammals have at least 12 identified transcript 
variants of CD133, six of which differ in their C-terminal 
domain, potentially leading to interactions with different 
proteins and downstream signaling cascades [19]. While 

the C-terminal domain and its posttranslational modifica-
tions are crucial for the biological function and specificity 
of CD133 as a scaffold protein, posttranslational modifica-
tions in the extracellular domain are involved in CD133 
cellular localization and stability.

Among the possible posttranslation modifications of 
CD133, N-glycosylation plays a critical role in protein 
folding, molecular trafficking, protein function, and pro-
tein stability. CD133 has nine predicted N-glycosylation 
sites [20], and although the loss of single-N-glycosylation 
site does not affect CD133 levels or delivery to the plasma 
membrane, the deficiency of all glycosylation sites impairs 
cell surface localization and results in endoplasmic reticu-
lum (ER) retention, likely due to improper protein folding 
[20, 21] Furthermore, differential glycosylation of CD133 
has been associated with cell differentiation rather than 
decreasing total protein, mRNA levels, or intracellular 
retention [22]. Different classes of N-glycans attached 
to the protein can modify its conformation, solubility, 
antigenicity, activity, recognition by glycan-binding pro-
teins, and susceptibility to proteases [23]. This suggests 
that differential N-glycosylation of CD133 extracellular 
domain among tumor sub-populations may be related to 
specific functions, subcellular localization, and turnover. 
In line with this, Wei et al. (2022) reported that CD133 
C-terminal domain interaction with DNMT1 (DNA meth-
yltransferase 1) depends on CD133 glycosylation status 
in glioma stem-like cells (GSCs) [24]. High-mannose 
CD133 maintains GSCs in a slow-cycling state (quies-
cence) by blocking DNMT1 nuclear translocation. In 
contrast, induction of complex CD133 N-glycans through 
MAN1A (Mannosyl-oligosaccharide 1,2-α-mannosidase 
IA) ectopic expression promotes DNMT1 nuclear trans-
location and impairs long-term self-renewal and tumo-
rigenesis [24]. The mechanism by which high-mannose 
N-glycan of CD133 regulates its interaction with DNMT1 
remains unclear.

In addition, Liu et al. (2015) found that N-glycosylation 
at Asn548 of CD133 appears to mediate its interaction with 
β-catenin and downstream signaling. Mutation of the N-gly-
cosylation at Asn548 reduced CD133-β-catenin interaction, 
β-catenin levels, and β-catenin signaling in hepatocellular 
cancer cell lines [20]. However, it is not specified whether 
the interaction is direct or mediated by other proteins such us 
HDAC6 (histone deacetylase 6). CD133 can associate with 
HDAC6 and β-catenin in a ternary complex that regulates 
the β-catenin stability, resulting in increased β-catenin co-
transcriptional activity in ovarian and CRC cancer cell lines 
[25]. Interestingly Mak et al. (2012) showed that β-catenin 
interacts exclusively with a lower-molecular-weight form of 
CD133 and not with CD133 complex-glycans [25]. These 
findings suggest that N-glycosylation of one or more Asp 
residues and the type of glycans attached to the CD133 
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extracellular domain could alter the protein conformation 
and confers specificity to its intracellular domain, but further 
investigation is required.

Regulation of CD133 Stability

In addition to glycosylation, there is evidence that CD133 
can suffer other post-translational modifications, such as 
acetylation and sialylation on its extracellular domain. 
Acetylation of lysine residues (K216, K248, and K255) in 
the first extracellular loop of CD133 is involved in trafficking 
from the ER/Golgi to the plasma membrane but also ensures 
proper protein folding and maturation of the nascent protein 
[26]. Mak et al. (2014) reported that acetylation disruption 
in the ER lumen with CD133-K-to-R mutants and ATase1/2 
(ER-based acetyltransferases) knockdown severely reduced 
CD133 surface localization and protein levels [27]. How-
ever, it is unclear whether CD133 lysine acetylation in the 
ER lumen is only a transient event to mark correct protein 
folding allowing the protein to move along the Golgi appara-
tus, where it could be deacetylated and complete its matura-
tion. On the other hand, sialylation terminal modification of 
CD133 N-glycans contributes to protein stability, allowing 
CD133 to avoid lysosomal degradation [28]. However, it is 
also unclear how sialylation protects CD133 from degrada-
tion and how it could support CD133 function, consider-
ing that sialylation of glycoproteins could mediate cell–cell 
interaction, ECM-interaction, ligand-receptor interaction, 
and intracellular downstream signaling in several biologi-
cal processes [29, 30].

Mak et al. (2012) reported that the CD133 protein is 
endocytosed and degraded via the lysosomal pathway when 
CD133-HDAC6 interaction is inhibited [25]. But, given 
that the CD133 intracellular domain does not seem to be 
an HDAC6 target, and even so, its deacetylase activity is 
required to maintain CD133 stability, these data suggest 
the existence of an intermediary protein, an HDAC6 target 
involved in CD133 regulation on the cell surface in CRC. 
Gao et al. (2010) found that HDAC6 regulates microtubule-
dependent EGFR-endocytic trafficking and degradation 
through tubulin deacetylation. HDAC6 deficiency induces 
microtubule hyperacetylation, and consequently, the deliv-
ery of EGFR-containing endosomes to the lysosomal com-
partment is accelerated [31]. Also, HDAC6 could mediate 
pERK-microtubules association essential to maintain ERK 
activity and lung cancer cell proliferation via α-tubulin 
deacetylation [32]. These data suggest that HDAC6 might 
modulate CD133 association with microtubules close to the 
cell surface, CD133 endocytic traffic, and subsequent degra-
dation, and even the duration of endosomal CD133-mediated 
signaling.

Aside from the cell's intrinsic state and cell-autonomous 
features that can regulate CD133 expression, changes in the 

niche, such as oxygen concentration, glucose, and lactate 
levels, can modulate CD133 levels. For instance, CD133 
stability is regulated in hypoxia by GLT8D1 (Glycosyl-
transferase 8 Domain Containing 1), a transmembranal 
glycosyltransferase highly expressed under hypoxia by 
the HIF1α transcription factor [33] GLT8D1 co-localizes 
with CD133 in microvilli of glioma stem-like cells, where 
it glycosylated CD133, hindering its degradation via the 
endosomal-lysosomal pathway. Also, Liu K et al. (2022) 
reported that GLT8D1 mutant with glycosyl transferase 
activity deficiency can partially rescue GLT8D1 depletion-
induced CD133 degradation, suggesting that even GLT8D1 
physical association with CD133 irrespectively of its activ-
ity, decreases CD133 degradation.

Regardless of oxygen levels, cancer cells have an 
increased glycolytic metabolism compared to normal cells, 
which favors proliferation and cell survival. Indeed, cancer-
stem-like cells (CSCs) of different types of tumors exhibit 
a higher expression of glycolytic enzymes resulting in 
enhanced glycolysis compared to more differentiated can-
cer cells. Some of these enzymes even can participate in 
other tumoral functions, including cell cycle progression, 
tumor immune evasion, stemness, and epigenetic regula-
tion [34, 35]. Recently Wang et al. (2022) demonstrated that 
HK2 (hexokinase 2) enzyme modulates the CD133 stability 
through direct binding without subverting CD133 mRNA 
[36]. Its interaction promotes the recruitment of deubiquit-
inase ubiquitin-specific protease 11 (USP11), which inhibits 
CD133 polyubiquitination and its proteasomal degradation 
in small cell lung cancer (SCLC). By contrast, differentiated 
SCLC cells showed a lower CD133-USP11 interaction than 
CSCs, which indicates another CD133 differential regulation 
between intratumoral subpopulations apart from gene and 
epigenetic regulation. As well, PFKFB (6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase-3), a key glycolytic 
enzyme, has been reported to maintain CD133 expression, 
promote cell cycle progression, cancer stemness, and apop-
tosis evasion in some cancers via dependent and independent 
way of its glycolytic activity [37–39]. Lactate, as a subprod-
uct of glycolysis, contributes to enhancing CD133 levels in 
hepatocellular cancer [40], oral squamous cell carcinoma 
[41] and colorectal carcinoma cells [42]. High glycolytic 
cells in the tumor release lactate to the extracellular space, 
which can be taken by neighbored tumoral or stromal cells 
through mono-carboxylic acid transporters (MCTs). Lactate 
conversion into pyruvate in tumoral cells supplies mitochon-
drial oxidative phosphorylation, serving as an energy source 
but also as a metabolite that can influence upstream signal 
activation directly or indirectly through ROS generation, his-
tone lactylation and histone acetylation that could regulate 
expression of pluripotent genes such as Oct4, Sox2, c-Myc, 
and also could improve CD133 transcription and acquisition 
of cancer-stem like features [43].
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CD133 Epigenetic Regulation

CD133 protein is coding by the PROM1 gene, whose expres-
sion is controlled by at least six alternative promoters in 
a tissue-dependent manner, three of which include several 
CpG sites highly susceptible to methylation. In vitro meth-
ylation of P1, P2, and P3 promoters suppresses their activ-
ity [44–46], indicating that promoter methylation status is 
associated with the regulation of CD133 expression. The 
hypomethylation state of these promoters (P1, P2, and P3) 
has been positively correlated with increased expression of 
CD133 in several cancers [47–50]. The DNA methylation 
status can change in dependence on the surrounding niche. 
For instance, TGFβ and BMP proteins, members of the 
TGFβ family secreted by tumoral cells or/ and other cells 
present in the tumor, have bivalent functions depending on 
the type of cancer and progression stage, displaying tumor 
suppressor or oncogenic role. In glioblastoma, whereas 
TGFβ promotes the growth and maintenance of cancer-
like stem phenotype, BMP proteins induce differentiation 
and apoptosis [51]. Both types of proteins regulate CD133 
expression, a robust marker of glioma-initiating cells. 
TGF-β stimulation induces CD133 expression through the 
downregulation of DNA methyltransferase 1 (DNMT1) and 
DNMT3β expression, leading to significant demethylation of 
the CD133-promoter 1(P1) [52]. SB431542, a TGFβ recep-
tor I inhibitor (ALK5/ALK4 inhibitor), decreased the pro-
portion of CD133 + subpopulation in glioma spheres and the 
sphere-forming ability [53]. By contrast, BMP4 shows the 
opposite effect by inducing PROM1 P1 promoter methyla-
tion, leading to its reduced activity and low CD133 expres-
sion. BMP4 upregulates the paired related homeobox 1 
(PRRX1), a transcription factor involved in the development 
of the nervous system. Whereas both isoforms of this protein 
can bind to the PROM1 promoter, only the long isoform 
(PRRX1A) with OAR (otp, aristaless, and rax) domain in its 
C-terminal region (PRRX1A) interacts with DNMT3A and 
induces PROM1 promoter P1 methylation. Both PRRX1A 
and DNMT3A silencing increase CD133 + positive subpop-
ulation even in the presence of BMP-4 and enhance their 
tumorigenic capacity [54].

Moreover, the poor association between methylation sta-
tus and CD133 mRNA levels found by some authors sug-
gests the existence of other mechanism that cooperates with 
DNA methylation on CD133 regulation, such as control of 
chromatin condensation by histone modifications even when 
DNA methylation was absent [55]. The balance between 
active histone modifications (H3K27ac and H3K4me3) 
and inhibitory histone marks (H3K27me3 and H3K9me3) 
can be crucial in PROM1 transcription [47, 55, 56]. High 
levels of H3K9me2 repressive mark in PROM1 P1 pro-
moter inhibit its activity and CD133 expression in glioma 
cells, whereas G9a (histone-lysine N-methyltransferase, H3 

lysine-9 specific 3) inhibition by bix01294 increases CD133 
and Sox2 expression resulting in improved sphere-forming 
efficiency [57]. Also, CD133 mRNA overexpression was 
observed after treatment with trichostatin A, a histone dea-
cetylase (HDAC) inhibitor in primary prostate epithelial cul-
tures [53, 55]. CD133 upregulation correlated with increased 
levels of H3K27ac and H3K4me3 on P1, P2, and P3 promot-
ers as well as high levels of histone acetyltransferases P300/
CBP-associated factor (PACF) and H3K27me3 demethylase 
(HDM6B) along with reduced levels of H3K4me3 demethy-
lase (LSD1) in LoVo colon-rectal cancer cell line that over-
expressed Aldehyde oxidase 1 (AOX1) [56].

Furthermore, PROM1 promoter activity is controlled by 
cis-regulatory elements such as enhancers in acute lympho-
blastic leukemia (ALL). The MLL-AF4 fusion protein, one 
of the most common rearrangements of the MLL (Mixed 
Lineage Leukemia) gene that promotes leukemogenesis, reg-
ulates promoter-enhancer interaction between PROM1 and 
its nearby gene TAPT1 by recruitment of DOT1L (Dot1-like, 
histone H3K79 methyltransferase) and subsequent increase 
of histone H3K79me2/3 on intragenic enhancer elements 
present in both genes, which in turn potentiate transcription 
of PROM1 and TAPT1 genes in some MLLr leukemias [58]. 
PROM1 promoter repression by polycomb repressive com-
plex 2 (PCR2) in CD133-negative leukemia cells impair the 
interaction between the PROM1 promoter and the intragenic 
PROM1 and TAPT1 enhancers, explaining the absence of 
CD133 expression [58]. In addition, restriction of CD133 
expression to immature CD34 + stem/progenitor cells in 
normal fetal and adult bone marrow cells correlates with 
relaxing chromatin in the PROM1 locus and MLL binding 
to the PROM1 promoter. In contrast, mature cells exhibit 
high levels of H3K27me3 mark on the PROM1 promoter, 
consistent with its repression by PCR2.

CD133 Biological Function (Signaling 
Pathways)

CD133‑PI3K/Akt Signaling

PI3K/Akt signaling is one of the main pathways that mediate 
the phenotypic effects correlated with CD133 expression 
in the cell surface of tumoral cells. Akt signaling promotes 
proliferation, survival, migration, invasion, and chemo-
resistance by activating its downstream effectors in differ-
ent cell types [59, 60]. CD133 mediates Akt activation by 
recruitment of the p85 regulatory subunit of PI3K to its 
C-terminal domain previously phosphorylated by Src kinase 
at Y828 residue, a critical event to allow its interaction with 
p85 [61]. Once active, PI3K converts PIP2 (phosphati-
dylinositol 4,5-biphosphate) into PIP3 (phosphatidylinosi-
tol 3,4,5-triphosphate), leading to Akt activation via PDK1 
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(3-phosphoinositide-dependent protein kinase 1). Y828F/
Y858F mutants and pharmacological inhibition of Src (using 
PP2) significantly inhibit the CD133-p85 interaction and 
Akt activation in glioma cells and then its self-renewal and 
tumor-initiating capacity [61].

Given that CD133 phosphorylation is crucial to mediate 
PI3K/Akt signaling, its dephosphorylation is an event that 
could restrict its function; Shimozato et al. (2015) identified 
that PTPRK (receptor-type protein tyrosine phosphatase K) 
interacts with CD133 and negatively regulate Akt activation 
[62], whereas its knockdown enhances tumor growth and 
survival due to CD133 ectopic expression in CRC under 
nutritional and cytotoxic stress [63, 64]. Low expression 
of PTPRK correlates with poor prognosis in patients with 
CD133 expression, suggesting that PTPRK might abrogate 
CD133 pro-oncogenic function in CRC. Also, Kim et al. 
(2018) showed that PTPRF (receptor-type protein tyrosine 
phosphatase F) negatively modulates cell adhesion, migra-
tion, anchorage-independent growth, and cell survival, and 
its silencing recovered partly the reduced sphere growth 
induced by CD133 knockdown [65]. Although PTPRF might 
reduce CD133 function by direct interaction and subsequent 
tyrosine dephosphorylation, also it can dephosphorylate 
Src and decrease its activity leading to CD133-dependent 
and independent downstream signaling inhibition [65, 66]. 
CD133 promotes TM4SF5 (transmembrane 4L six family 
member 5) expression through the Akt/β-catenin axis, and 
TM4SF5 enhances CD133 function by facilitating Src acti-
vation [67] and altering PTPRF stability or even its activ-
ity [65]. CD133-TM4SF5 in hepatocellular cancer context 
establishes a positive feedback loop to maintain proliferation 
and survival.

Regardless of the ability of CD133 to recruit p85 and 
facilitate downstream Akt activation, CD133 can also modu-
late Akt activation through receptor tyrosine kinases stabi-
lization. For instance, CD133 stabilizes EGFR (epidermal 
growth factor receptor) in the plasma membrane by direct 
interaction. CD133 avoids EGFR endocytosis and sustains 
EGFR-mediated Akt activation [68, 69]. CD133 silencing 
decreases HER3 levels and suppresses EGFR and HER2 
activation without disturbing their gene transcription in CRC 
cell lines [70]. CD133 silencing reduces proliferation, clo-
nogenic capacity, migration, cell invasion, and resistance in 
CRC in part through decreasing glucose uptake as a result 
of the low GLUT1 expression because of impaired HER3/
Akt pathway involved in protein synthesis via mTOR and 
mRNA stability, probably through the regulation of RNA-
binding proteins [70, 71]. Enrichment RNA analysis showed 
that CD133 + cells in gastric cancer have high expression of 
RNA-modifying enzymes that modulate RNA decay, mRNA 
translation, pre-mRNA processing, and RNA export com-
pared to CD133-negative cells [72]; however, the precise 
role of CD133 in mRNA processing is unclear.

CD133‑ Src Signaling

Aside from Src playing an indispensable role in the CD133 
function on PI3K/Akt signaling, CD133-Src interaction 
favors Src activity. Whereas Y828 in the C-terminal domain 
of CD133 is the target of Src, the region between 845 and 
857 amino acids seems essential for its interaction with Src 
and Src subsequent activation [73]. Although it is unclear 
how CD133 induces or amplifies Src activity, the binding 
of CD133 p-Y852 with the Src SH2 domain could trigger 
Src conformational change that promotes its activation (by 
autophosphorylation) [74]

CD133-Src signaling may mediate migration, invasion, 
and metastasis in cancer. CD133-Src-FAK axis promotes 
cell migration in the SW620 CRC cell line only under serum 
starvation, whereas CD133 and Src do not seem to inter-
act under optimal culture conditions. CD133 deficiency 
decreased Src and FAK activation, causing reduced migra-
tion ability under serum starvation [73]. These data suggest 
that the articulation of signaling pathways by CD133 could 
be context-dependent. Furthermore, CD133 knockdown or 
Src inhibition abrogates the increasing levels of N-cadherin 
and vimentin induced by CD133 overexpression in head and 
neck cancer cell lines, whereas promoting epithelial morpho-
logical acquisition characterized by E-cadherin and CK18 
epithelial marker upregulation [75]. Also, CD133 silencing 
has been directly correlated with epithelial-mesenchymal 
transition (EMT) inhibition in gastric cancer (downregula-
tion of Snail, Slug, N-cadherin proteins) [76] and with sup-
pressed invasion and metastasis in pancreatic cancer [77].

Src upregulation can promote tumor growth and drive 
metastasis by linking to several pathways [74, 78]. Src-
mediated YAP/TAZ activity and its target genes in mela-
noma and breast cancer drives tumor growth and metastasis 
[79]. Oh HT et al. (2022) demonstrated that CD133 regulates 
TAZ levels and nuclear localization via Src activation with-
out altering YAP levels in cholangiocyte cells after ductal 
injury. CD133 knockdown and Src inhibitor reduced TAZ 
levels and fibrosis inducers such as CTGF (connective tissue 
growth factor), CYR61 (Cysteine Rich Angiogenic Inducer 
61) and TGFb1 (Transforming growth factor beta-1) in chol-
angiocyte organoids and the HCT116 CRC cell line [80]. 
Also, YAP/TAZ activity promotes EMT markers expression 
[38] and TAZ is required to sustain self-renewal in breast 
cancer stem-like cells [81] and intestinal tumor initiation 
[82]. This evidence suggests that CD133-src signaling via 
TAZ stabilization could participate during cancer initiation 
and aggressive phenotypes in different cancer types by pro-
moting stiffing stroma, EMT acquisition, and maintaining 
cancer stem-related traits.

On the other hand, CD133-Src could mediate cell pro-
liferation through cdc42 inhibition via phospho-caveolin-1 
binding. Aside from participating in actin polymerization 
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during the formation and maintenance of filopodia, Cdc42 
promotes the destabilization of a group of subunits of the 
BAF complex, leading to BAF complex assembly inhibition 
[83]. BAF complex is an ATP-dependent chromatin remod-
eling complex that controls gene expression in cancer [84] 
and during mammalian development (neural, heart, muscle, 
and even stem pluripotency). In Ewing sarcoma, EWS-FL1 
recruits BAF complex to its target genes to induce their 
transcription, thereby BAF complex disassembly by Cdc42 
activation reduces EWS-FL1 target gene expression and its 
participation in proliferation and tumor progression [83].

CD133‑ β‑catenin Signaling

Previously, we mentioned that CD133 enhances Wnt signal-
ing by increasing β-catenin levels through GSK3 inhibition 
mediated by Akt, which allows to β-catenin avoid β-TrCP 
polyubiquitination and subsequent degradation. Apart from 
phosphorylation, other posttranslational modifications 
regulate the Wnt/β-catenin pathway, such as acetylation, 
sumoylation, and ubiquitination affecting activity, pro-
tein–protein interaction, protein stability, and subcellular 
localization [85, 86]. Mak et al. (2012) showed that CD133 
interaction with HDAC6 promotes β-catenin lysine49 (K49) 
deacetylation, blocking phosphorylation-dependent degrada-
tion. CD133 or HDAC6 downregulation results in β-catenin 
destabilization and reduced β-catenin/TCF transcriptional 
activity, which correlates with decreased proliferation and 
cell differentiation in Caco2 and OVCAR-8 cell lines [25]. 
Also, TCF-LEF-binding sites are present in the PROM1 
gene promoter [87] and inhibition of CBP-β-catenin inter-
action downregulated CD133 expression in hepatocellular 
cancer [88], which suggest a feedback loop between CD133 
and β-catenin signaling.

In adult tissues, CD133 promotes the long-term self-
renewal of pancreatic progenitors in part by increasing the 
β-catenin/TCF signaling in response to RSPO1 stimulus, 
a Wnt agonist, by constraining β-catenin phosphorylation 
mediated by GSK3β. Curiously, Tremblay et al. (2019) and 
Brossa et al. (2018) found that CD133 can be physically 
associated with E-cadherin and β-catenin in pancreatic 
and renal progenitors. Although this complex might limit 
β-catenin cytoplasmic degradation, the precise CD133 role 
is undetermined [89, 90]. Frequently, the β-catenin bound 
to E-cadherin in adherent junctions has been considered 
sequestered and unavailable for signaling. Nevertheless, 
the E-cadherin-β-catenin complex stability is regulated by 
phosphorylation in response to external stimulus [91]. For 
instance, growth factor receptors and Src phosphorylate 
β-catenin, causing its release from the plasma membrane 
and subsequent nuclear translocation, wherein β-catenin 
acts as a co-transcriptional activator [92]. Considering that 
CD133 also can interact with Src and EGFR, CD133 could 

coordinate the phosphorylation of β-catenin in the mem-
brane upon specific stimuli and promote its cytoplasm accu-
mulation. In addition, E-cadherin loss in mouse spermato-
gonial progenitor cells reduces β-catenin levels, resulting 
in less β-catenin to signaling and increased expression of 
differentiation markers [93]. In cancer, although E-cadherin 
downregulation is associated with beta-catenin nuclear 
localization and increasing β-catenin/TCF transcriptional 
activity, several reports do not support such correlation and 
β-catenin signaling requires additional events to assure its 
activation [94]. CD133 with E-cadherin might be hubs that 
coordinate the intracellular response to changes in the micro-
environment and fine-tune the activation of the pathway in 
dependence on the cellular state.

CD133‑ Smad Signaling

TGFβ signaling controls various cellular processes during 
embryonic development and tissue homeostasis in adult tis-
sues. In cancer, TGFβ signaling frequently exerts a tumor 
suppressor function during the early stages of tumorigen-
esis, but its activation favors cell invasion and metastasis 
in advanced tumors. Recent studies have found that CD133 
regulates TGFβ signaling during cell repair processes in 
neurons and liver cells. CD133 can interact with members 
of the signaling cascade and activate or contribute to TGFβ 
signaling inhibition in dependence on the cell type.

In mature neurons, CD133 low expression correlates with 
a less axon regeneration capacity than neurons in the early 
stages of development. Despite of CD133 downregulation 
in DRG (dorsal root ganglion) mature neurons, CD133 is 
required for optimal axon regeneration in mice after sciatic 
nerve injury, and its overexpression improved axon growth 
even in non-permissive microenvironments [95]. CD133 
controls cholesterol metabolism in injured neurons through 
R-Smads transcription activity, and cholesterol depletion 
favors axon regeneration [95, 96]. Mechanistically, CD133 
interaction with the ALK4 receptor enhances smad2/3 
downstream signaling, leading to the downregulation of 
gene-associated cholesterol biosynthesis. High cholesterol 
levels due to pharmacological CD133 and ALK4 inhibi-
tion overturned axon regeneration enhancement induced by 
CD133 upregulation in both embryonic DRG neurons and 
adult nerves of mice treated with adeno-associated virus-
mediated PROM1 gene delivery in a model of sciatic injury 
[95]. How CD133 interacts with ALK4 and increase the 
TGFβ ligands signal requires further investigation.

By contrast, CD133 negatively regulates TGFβ signal-
ing by promoting Smad7 stabilization in hepatocytes after 
bile duct ligation in mice as a model of fibrosis induction. 
Smad7 is an inhibitory Smad that induces TGFβ receptor I 
inactivation and degradation through different protein com-
plexes recruitment, hindering Smad2/3 phosphorylation and 
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downstream signaling [97]. CD133 bound to Smad7 avoids 
Smad7-SMURF interaction, thereby abolishing Smad7 
ubiquitination and subsequent degradation [98]. Whereas 
CD133 in hepatocytes mitigates collagen deposition and 
apoptosis during liver fibrosis, other authors have reported 
that the CD133-Src-TAZ axis has an opposite effect in bile 
ductal cells, promoting fibrosis inducers secretion, such as 
TGFβ1 and CTGF that activate hepatic stellate cells to pro-
duce extracellular matrix in a model of diet-induced fibrosis 
[80]. Together, this evidence reinforces the idea that CD133 
modulates different responses by recruiting a wide range of 
proteins in a cell-context manner. It will be interesting to 
know if CD133 might regulate canonical and non-canonical 
Smad signaling during cancer progression.

CD133‑ Hedgehog Signaling

Hedgehog signaling is a cilium-dependent pathway in non-
tumoral cells [99] involved in embryonic development, 
tissue homeostasis, and regeneration, and its deregulation 
contributes to cancer development [100]. In normal cells, 
primary cilium allows the spatial regulation of canonical 
Hedgehog pathway in response to stimulation with Hh 
ligands, which is necessary for stem cell activation in vari-
ous tissues [101–103]. In the absence of Hh ligands, the 
PTCH1 (Patched 1) receptor localizes at the base of the 
primary cilium, wherein inhibits and excludes Smoothened 
(Smo) from cilium through an unclear mechanism. PKA 
(protein kinase A) and SuFu (suppressor of fused) repress 
Gli transcription factors at the tip of the cilium and pro-
mote their cleaved into Gli-R, which acts as a transcriptional 
repressor. Hh ligands inhibit PTCH1 and, in turn, promote 
SMO accumulation in the cilium, wherein activated SMO 
releases Gli proteins from SuFu repression and avoids Gli 
proteolysis; then, Gli can enter the nucleus and activate gene 
target expression [104].

Associated CD133 to membrane microdomains can 
orchestrate signaling in the cilium of the different types of 
cells. Singer et al. (2019) demonstrated that CD133 is essen-
tial to coordinate ciliary dynamics with stem cell activation 
in cervical incisor loop epithelium (CLE) as a model of stem 
cell activation. CD133 deficiency impairs self-renewal, tran-
sient-amplification (AT) cells proliferation and differentia-
tion, which correlated with a decreasing expression of Gli1-3 
in AT cells and loss of Glis2 (Gli-similar 2) localization in 
the primary cilium of stem population of CLE [9]. Whereas 
Gli1-3 proteins are the most common terminal downstream 
effectors of Hedgehog signaling, how Hh ligands could 
regulate Glis proteins is unknown. Nevertheless, the high 
homology between their DNA binding domains suggests that 
they can compete for the same DNA binding site and likely 
mediate opposite transcriptional activity; indeed, Glis2 
appears to play mainly as a transcriptional repressor [105]. 

Singer and colleagues reported elevated Glis2 levels in AT 
cells and a minor extent in stem cells in CLE, which corre-
late with CD133 expression. CD133 seems to control Glis2 
localization in response to the Hh ligands; in its absence, 
CD133 restricts Glis2 to the primary cilium in stem cells to 
maintain stem cell quiescence; in response to Hh stimula-
tion, CD133-Glis2 complex translocates to the nucleus in a 
time-dependent manner, and acts as transcriptional repressor 
of genes involved in stem cell maintenance and self-renewal 
such as STAT3 during commitment and cell differentiation 
[9]. Although Glis2 represses STAT3, especially in TA cells, 
the CD133 function in the nucleus as a partner of Glis2 is 
unclear, and further investigation is also required to clarify 
the CD133 function in stem cells and during the transition 
to TA cells. In addition, the question arise whether CD133 
could regulate Glis activity in tumor cells given Glis link 
with some cancers [106], and how Hh ligands could medi-
ate its function.

CD133 and Autophagy

Autophagy is a degradation/recycling mechanism designed 
to control protein expression levels, the turnover of dam-
aged organelles, and long-lived proteins to maintain cellular 
homeostasis [107, 108]. The targeted proteins or compo-
nents are encapsulated in vesicles and degraded by lyso-
somal enzymes. The sub-products of degradation are uti-
lized for the biosynthesis of new cellular components or to 
obtain energy [109]. Autophagy may increase as an adaptive 
response to stress conditions to enhance survival and re-
establish cell homeostasis.

CD133 has become associated with autophagy upregu-
lation in some cancers, such as hepatocarcinoma and gli-
oma cells. CD133 enhanced tolerance to nutritional stress 
through increased glucose uptake and autophagy. CD133 
translocates to cytoplasm and partially colocalizes with 
LC3-II foci under glucose starvation, whereas CD133 loss 
attenuates autophagosome formation [110, 111], which sug-
gests that CD133 could participate in autophagy induction 
and ultimately undergoes lysosomal degradation, but how 
specifically CD133 contributes to autophagosome assembly 
is undetermined. Izumi et al. (2022) found that CD133 is 
preferentially downregulated in the cytoplasm by p62-medi-
ated selective autophagy/lysosomal degradation to control 
CD133 levels in neuroblastoma cells that exhibit high basal 
autophagy activity [112].

Recent studies indicate that CD133 could contribute to 
different processes and exert contrast functions in more 
primitive cells such as stem/progenitor cells and cancer 
stem-like cells, where autophagy increasing has been related 
to differentiation. Izumi et al. (2019) found that CD133 func-
tion and localization are regulated by its phosphorylation 
state. While Src phosphorylation appears to be necessary 
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to maintain CD133 at plasma membrane localization and 
mediate CD133-mediated PI3K/Akt signaling under higher 
availability of mitogens and nutrients, non-phosphorylated 
CD133 is endocytosed and in dependence on the cellular 
state can be targeted to degradation or transported to the 
pericentrosomal region through HDAC6/dynein- based traf-
fic system, in which could mediate other functions and sub-
sequently be recycled. Indeed, CD133 traps GABARAP in 
the pericentrosomal zone and avoids GABARAP-mediated 
ULK1 activation (by binding), attenuating autophagy ini-
tiation [10]. In line with that, CD133 silencing in SK-N-
DZ and Huh-7 cells increased ULK1 kinase activity and 
autophagosome formation. Surprisingly, CD133 knockdown 
in SK-N-DZ enhanced neurite outgrowth upon differentia-
tion conditions related to high autophagy induction. These 
data suggest that CD133-pericentrosomal inhibits cell differ-
entiation in medulloblastoma cancer cells through autophagy 
modulation under basal and nutritional stress conditions. 
Disturbed basal autophagy by increasing or depletion (serum 
starvation, Rapamycin) alters stemness and promotes dif-
ferentiation and/or senescence [113]. Under this argument, 
CD133/GABARAP axis and even CD133/Akt/mTOR axis 
might maintain basal autophagy levels below a threshold 
that do not compromise cellular identity and functionality.

Furthermore, Izumi and colleagues (2022) demonstrated 
that unequal CD133-pericentrosomal distribution during 
asymmetric division contributes to heterogeneity autophagy 
activity; the daughter cell with CD133 high-pericentroso-
mal localization maintains low basal autophagy activity and 
stem-like treats, probably by reinforcing β-catenin nuclear 
localization and co-transcriptional activity. In contrast, the 
other daughter cell with less CD133 expression exhibits high 
basal autophagy activity, and β-catenin remains on the cell 
surface [112]. Tumoral cells subpopulations with a broad 
spectrum of autophagy activity and CD133 distribution 
might confer adaptive capacity upon stress-inducing condi-
tions such as cytotoxic insult and starvation.

Maintenance and Formation of Protrusions

Because of the predominant cellular localization of CD133 
in microvilli and primary cilium, its loss or dysfunction by 
mutations cause degeneration of the outer segment of reti-
nal photoreceptor cells in vertebrate and invertebrate ani-
mal models due to loss of ciliary structure in this cell type. 
Although other functional defects have not been associated 
with CD133 deficiency, likely because of compensation 
performed by co-expression of prominin-2 in other tissues, 
CD133 loss could be related with other ciliopathies beyond 
retinal degeneration [114–116].

At the molecular level, CD133 association with choles-
terol in cytoplasmic membrane determines its retention in 
protrusions rich in cholesterol [117], while its interaction 

with gangliosides in the membrane can affect phospholipid 
composition driven by PI3K activation at the inner surface 
of the plasma membrane, and also recruitment of other 
intracellular proteins involved in the structural maintenance 
of microvilli and other membrane extensions [116, 118]. 
Point mutations in its ganglioside (GM1)-binding site in the 
N-terminal domain increases its interaction with the p85 
regulatory subunit of PI3K and its downstream Arp1/2 com-
plex activation that participate in actin-cytoskeleton rear-
rangement in polarized epithelial (canine kidney cells) and 
fibroblast-like cells, leading to the formation of branched 
microvilli or microvilli with knob-like morphology [115]. 
Y819F/Y828F mutants that impede carboxy-terminal phos-
phorylation impaired protrusions elongation (microvilli and 
primary cilia) and overturn the GM1-binding site mutants 
effect on microvilli architecture [116, 119].

In contrast, Hori et al. (2019) reported that PI3K activ-
ity and CD133 Y819/Y828 phosphorylation was not neces-
sary to mediate CD133 function on fiber formation on the 
plasma membrane in cells of retinal pigmented epithelium 
(RPE-1 cells). Nevertheless, the KLAKY motif localized 
between 814 and 818 amino acids in the carboxyl-terminal 
region was essential and suggests that CD133 participates 
in maintaining structure and fiber biogenesis of membrane 
extensions, inducing different downstream signaling [120]. 
RhoA/ROCK was required to mediate CD133 formation 
fibers in CD133 overexpressing RPE-1 cells, but no physi-
cal interaction was detected. These data suggest a missing 
intermediary protein that probably triggers RhoA activation; 
in this case, CD133 might facilitate its recruitment at the 
membrane point.

In addition, CD133 regulates the assembly-disassembly 
dynamic of primary cilium through its interaction with 
Arl13b or HDAC6 in dental epithelial stem cells. Arlb13b 
is a member of the RAS small GTPase family involved in 
protein traffic in the cilium. Arlb13b loss along axoneme 
could impair protein traffic and disturb cilium elongation 
[9, 121] in stem cells, whereas HDAC6 induces disassemble 
of primary cilium through tubulin deacetylation when stem 
cells transition into transitory amplifying cells.

CD133 Modulation by Microenvironment

Regulation by Hypoxia

Several studies have reported that CD133 is upregulated 
under hypoxic conditions that emulate the low oxygen sup-
ply in the core of overgrown tumors and tissular regions 
with low microvessel density and leaky capillaries, which 
limit oxygen delivery. Cancer cells exhibited high tolerance 
to decreasing oxygen levels because they upregulate the 
expression of the Hypoxia-inducible Factors (HIFs) 1/2α 
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that coordinate the adaptive response to intratumoral oxy-
gen gradients. Loss-of-function mutations of tumor suppres-
sor genes involved in the oxygen-sensing mechanism and 
oncogenic growth factors signaling contribute to increased 
gene transcription and translation of HIF1/2-α isoforms even 
under normoxic conditions [122].

Whereas HIF-1α and HIF-2α could activate PROM1 P5 
promoter through association with the ETS transcription fac-
tors (ETS binding sites in promoter), individual HIF silenc-
ing decreases slightly P5 promoter activity in CRC under 
normoxia. Only double knockdown (of both HIFs) decrease 
significantly promoter activity resulting in reduced levels 
of CD133 protein in the WiDr colon cancer cell line [123]. 
CD133 upregulation in hypoxic conditions has been reported 
in glioma, pancreatic and renal cancer in part by HIF-1α-
dependent manner [124–126]. In addition, hypoxia promotes 
CD133 expression through HIF1/2 α-induced Sox2, Oct4, 
and Klf4 upregulation in several cancers [127–129]. HIF1/2 
α can regulate these proteins through direct and indirect 
mechanisms. For instance, Covello et al. (2006) demon-
strated that HIF2α, but not HIF1α, activate OCT4 promot-
ers that contain hypoxia response elements (HRE) [130]. 
Both HIF1α and HIF2α indirectly could upregulate Sox2 by 
promoting mRNA stability. HIF1α/HIF2α induce ALKBH5 
(alkB homolog 5, RNA demethylase) expression during 
hypoxic conditions that demethylate Sox2 mRNA (m6A-
modified mRNAs), leading to Sox2/CD133 upregulation and 
maintenance of cancer stem-like traits [131]. In addition, 
Both HIFsα subunits might promote chromatin accessibility 
through the upregulation of proteins involved in epigenetic 
regulation (epigenetic readers, chromatin structure regula-
tors), leading to improved gene transcription [132]. Hao 
et al. (2022) found that increased ATAD2 (ATPase family 
AAA domain-containing protein 2) expression by chronic 
hypoxia-HIF1α induction enhances CD133 and CD44 levels 
in lung cancer [133]. ATAD2 plays an essential role in his-
tone dynamics by recruitment of epigenetic modifiers [134] 
and mediating histone turnover [135].

CD133-negative glioma cells transplanted into brain 
mice expressed high levels of HIF1/2α and concomitant 
expression of CD133, which indicate the strong effect of the 
tumoral microenvironment on CD133 expression levels and 
cell phenotype [136]. Double knockout of HIF1α and HIF2α 
produced a superior negative impact on CD133 expression, 
tumor growth, and increased mice survival compared to the 
effect of individual knockout. In line with that evidence, 
Wang et al. (2017) found hyperoxia (95% O2) promotes cell 
differentiation of glioma stem-like cells through negative 
regulation of HIF1α, resulting in CD133, Nestin, and CD15 
reduction, and high levels of GFAP, a marker of astrocytic 
differentiation [137]. Also, hyperoxia induces apoptosis, 
impaired clonogenicity growth, and temozolomide respon-
siveness, the opposite effect triggered by hypoxia.

Furthermore, HIF-1α could regulate CD133 expression 
by enhancing Notch, Hedgehog, and Wnt signaling. These 
pathways control the balance between the maintenance of 
stem cell subpopulation, its activation, and differentiation 
status in several adult tissues. Their disturbance is associ-
ated with perturbed tissue homeostasis during oncogen-
esis. HIF1α and HIF2α compete to interact with NICD 
(Notch intracellular domain) and regulate its co-transcrip-
tional function in dependence on oxygen levels. HIF1α sta-
bilizes NICD by binding and promoting its transactivation 
activity leading to CD133 increasing levels under hypoxia; 
Notch inhibitor (GSI) depletes CD133 mRNA levels and 
promotes neuronal and astrocytic differentiation [138]. 
Also, Jagged1 (Notch ligand) treatment blunted the HIF1α 
reduction effect on CD133, CD44, and ALDH1 levels, 
sphere forming efficiency, invasion capacity, and prolifera-
tion of prostate cancer cell lines exposed to hypoxia [139]. 
Although HIF2α represses NICD activity essentially upon 
normoxia and mild hypoxia, HIF-2α participates in CD133 
regulation and seems independent of Notch signaling in 
glioma cells [138]. Also, Hedgehog signaling inhibition 
using cyclopamine (Smoothened SMO receptor inhibitor) 
and GANT61 (GLI inhibitor), which inhibit different steps 
along the cascade pathway, abolished hypoxia-enhanced 
CD133, Oct4, Sox2, Nanog expression, EMT marker 
expression and invasion capacity of cholangiocarcinoma 
cancer lines [140]. HIF1α silencing abrogated Shh ligand 
expression and downstream signaling during hypoxia. In 
addition, although PROM1 (CD133) is a Wnt-target gene 
[87] and HIFαs appear to display a counterbalancing func-
tion on β-catenin/TCF transcriptional activity in response 
to oxygen levels [141, 142], it is unclear how the balance 
between HIF1α and HIF2α during hypoxia contribute 
to Wnt pathway and CD133 regulation mostly in cancer 
cells where Wnt pathway plays a crucial role. Miao et al. 
(2023) reported that hypoxia-induced β-catenin stabiliza-
tion upregulated CD133 and Nanog expression in CRC cell 
lines, and that β-catenin knockdown reversed this effect 
[143]. Also, Mazumdar et al. (2010) found that HIF1α 
transactivates LEF1 and TCF1, leading to Wnt/β-catenin 
target genes transcription only in ESC (embryonic stem 
cells), but not in embryonic cell-derived neurons during 
hypoxia [144]. By contrast Kaidi et al. (2007) reported that 
HIF1α has a negative role in β-catenin/TCF transcriptional 
activity in CRC cell lines by competitive binding with 
TCF4, in which HIF-1α/β-catenin transactivates hypoxia 
responsive target genes to promote an adaptative response 
to low oxygen levels [141]. These findings suggest that at 
least HIF1α exhibits differential function in a cell-context-
dependent manner.

Together, this evidence suggests that CD133 expression 
is synergically upregulated by different transcription fac-
tors in response to hypoxia, in which case HIFαs balance 
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and HIF1α/HIF2α switch during chronic hypoxia could be 
determinants in the maintenance of CD133 + population and 
expansion (Fig. 1).

Reactive Oxygen Species (ROS)

One of the particular characteristics of cancer is the rise in 
the physiological threshold of reactive oxygen species (ROS) 
because of high cell proliferation, low oxygen availability, 
endogenous immune response (inflammation), and antineo-
plastic therapy that boosts ROS production. In addition, ROS 
as second messengers are essential for the local and transient 
regulation of signaling cascades that mediate several cellular 
functions. Both persistent overproduction and underproduc-
tion beyond the thresholds could compromise cell viability 
and other cellular processes [145].

Tumoral cells can display adaptive mechanisms that 
restrict ROS levels to tolerable limits, such as increased 
expression of antioxidant enzymes, restriction of intracel-
lular ROS production (from mitochondria, from NADPH 
oxidases) by metabolic reprogramming, and the reduction of 
hydrogen peroxide transporter channels, among others [146]. 
For instance, CD133 expression correlated with superoxide 
dismutase (SOD) and cystine/glutamate transporter xCT, 
crucial to anion superoxide conversion to hydrogen peroxide 
(less reactive and diffusible) and glutathione levels mainte-
nance, respectively [147, 148]. CD133 depletion negatively 
impacts xCT induction in response to H202 treatment and 

sensitizes tumoral cells to conventional antineoplastic drugs, 
but how CD133 promotes an xCT increase is undetermined 
[148]. Also, Zheng et al. (2020) found that Aquaporin 9, a 
water channel that facilitates H202 transport from the extra-
cellular to intracellular space, is downregulated in HCC and 
that its overexpression disturbed cancer stem-like cell acti-
vation and CD133 expression as well as other cancers stem 
cell markers [149]. AQP9-mediated intracellular ROS dis-
turbed β-catenin-TCF4 association and enhanced β-catenin-
FOXO3a interaction, leading to Wnt-target genes downregu-
lation. FOXO transcription factors are known to be regulated 
by ROS intracellular levels; its activation could determine 
the cell cycle exit under unfavorable conditions [150, 151]. 
Consistent with this, NAC treatment rescued β-catenin-TCF4 
association and CD133 expression in HCC. In addition, IGF 
downregulates AQP9, whereby restrains intracellular H202 
levels and promotes cancer stem-like properties.

By contrast, Wang et al. (2019) reported that Aquaporin 
3 (AQP3) exhibited an opposite effect on CD133 regulation 
and stem-like properties in HCC [152]; nevertheless, in this 
study, Aquaporin-mediated H202 transporting was not evalu-
ated, and AQP3 could have functions independent on medi-
ated H202 intracellular levels, such as glycerol uptake and 
even its cytoplasmic localization could be associated with an 
intracellular role [153]. AQP3 promotes STAT3 activation, 
nuclear translocation, and PROM1 promoter activation in 
HCC [152]. In several models, ROS promotes STAT3 activa-
tion probably by thiol oxidation in the active site of tyrosine 

Fig. 1   CD133 regulation in 
hypoxic conditions. Hypoxia-
inducible Factors (HIFs) 1/2α 
upregulate the levels of Sox2 
and Oct4, and also epigenetic 
regulators such as ATAD2 that 
favor gene transcription. HIF1α 
can stabilize NICD (Notch 
intracellular domain) in the 
nucleus and promote NICD/
CSL transcriptional activity 
leading to improve CD133 
expression as well as promoting 
Hedgehog signaling through 
improved Shh ligand. Also, 
hypoxia can promote β-catenin 
stabilization via increased gly-
colysis and lactate release lead-
ing to β-catenin nuclear translo-
cation and CD133 expression. 
Created with BioRender.com
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phosphatases, a negative regulator of STAT3 activity [154]. 
Activated STAT3 transactivates NOX1, producing a feed-
back loop that sustains REDOX signaling (STAT3 and PI3K/
Akt activation) involved in migration, cell proliferation, and 
stem-like properties [155, 156] (Fig. 2).

Extracellular Matrix

As part of the cellular microenvironment, the extracellu-
lar matrix (ECM) provides mechanical support and plays 
a critical role in cellular behavior and phenotype. Matrix 
components and their mechanical properties, such as stiff-
ness, viscoelasticity, and viscoplasticity, influence diverse 
cellular processes, such as proliferation, migration/invasion, 
stemness, and cell differentiation. By interaction with ECM, 
cells sense mechanical cues and respond by triggering the 
activation of signaling cascades involved in cell survival, 
rearrangement of the cytoskeleton, activation of transcrip-
tional regulators, and chromatin accessibility [157].

Although there are limited studies about how ECM affects 
CD133 expression, ECM impact could depend on matrix 
composition, cell type, and cellular context. Also, mecha-
notransduction signaling can differ between traditional 2D 
(monolayer) and 3D in vitro models, and thus its impact on 
cellular processes could diverge (Fig. 3). For instance, You 
et al. (2016) found that matrix stiffness enhances CD133 
expression in monolayer cultures of HCC cells through the 
integrin β1/Akt/mTOR axis [158]. Cells sense mechani-
cal cues using integrin β1 that bind to Collagene-I fibers 

and trigger downstream signaling (Fig. 3A). By contrast, 
Ng et  al. (2021) suggested that local soft spots in the 
HCC tumors maintain the CD133 + subpopulation in the 
3D matrix gel system and xenograft models. Soft matrix 
through mechano-epigenetic regulation induces chromatin 
accessibility on CD133 promoter by activating histone mod-
ifications leading to enhanced expression (H3K4me3 and 
H3K9ac), while repressing THBS2 (thrombospondin 2) pro-
moter through transcriptional silencing markers (H3K9m3 
and H3K27m3) [159] (Fig. 3B). THBS2 has been consid-
ered an ECM-modifying enzyme that regulates extracellu-
lar matrix deposition leading to ECM stiffness. Therefore, 
CD133 + cells with THBS2 low expression promote a feed-
back loop that allows them to sustain the surrounding soft 
microenvironment, thereby facilitating invasion and metas-
tasis by ECM remodeling.

Whereas several studies in 2D models of hepatocellular 
carcinoma have demonstrated a high correlation between 
increasing stiffness (that resembles liver fibrosis/cirrhosis) 
and hepatocellular carcinoma development [160–163], 3D 
in vitro systems with matrices that resemble physiological 
ECM (native tissue and tissue disturbed by disease) and 
studies of mechanical properties of ECM in vivo will allow 
unveiling the role of ECM-cell interactions that mediate dis-
ease evolution.

Without overlooking, 2D culture models have enabled 
to study the mechanotransduction pathways implicated in 
different ECM interactions and unveil the cellular behavior 
under the diverse stimuli. Integrin signaling is the central 

Fig. 2   ROS modulates CD133 
levels in a context-dependent 
manner. Increased ROS spe-
cies by aquaporin (AQ 3 y 
AQ9) channels can positively 
or negatively regulate CD133 
expression because of its role 
in signaling modulation. ROS 
could favor JNK activation and 
downstream signaling. JNK 
induces FOXO3a release from 
14–3-3 protein and subsequently 
its entry to the nucleus, wherein 
it competes with TCF4 to bind 
to β-catenin, leading to CD133 
downregulation. By contrast, 
ROS also can improve CD133 
expression by enhancing STAT3 
and PI3K signaling. Created 
with BioRender.com
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mechanism in 2D models by which cells sense ECM stiff-
ness. While some studies reported the importance of integ-
rins in mediating changes in CD133 levels [158, 164], oth-
ers do not explore the upstream signals of transcriptional 
regulators [165, 166]. You et al. (2016) and Tao et al. (2021) 
reported CD133 upregulation by increasing ECM stiffness 
in HCC and glioblastoma, respectively. Akt/mTOR acti-
vation downstream of integrin-ECM interaction in HCC 
could increase CD133 synthesis via mTORC1 activation 
and PROM1 gene expression via Akt-mediated SOX2 pro-
tein stabilization [158, 165]. On the other hand, in glioma 
cell lines, increasing ECM stiffness causes an increase in 
BCL9L, a transcriptional coactivator of the β-catenin/TCF 
complex that favors the gene transcription of its target genes, 
including PROM1 (gene-coding CD133 protein). mTORC1 
inhibition and β-catenin signaling inhibition override the 
CD133 increased levels triggered by the matrix in HCC and 
glioblastoma, respectively.

Alternatively, soft matrices can also induce changes in 
the CD133 expression in 3D models of HCC, as previously 
mentioned. Local soft spot microenvironment enhances 
CD133 expression via epigenetic modifications; neverthe-
less, the mechanism that regulates this process is unclear yet, 
and there are contrasting studies on changes in chromatin 

accessibility mediated by mechanical clues [157]. In addi-
tion, soft matrices in 3D models compared to rigid plastic 
plates enhance the CD133 mRNA levels and other cancer 
stem markers such as Oct4, Sox2, and Nanog in CRC cell 
lines. Although CD133 levels correlated with Nanog upregu-
lation and low levels of DAB21P [166], a negative regula-
tor of PI3K/Akt signaling, overexpression of DAB2P1 did 
not disturb CD133 mRNA levels, which suggest that other 
mechanisms triggered by matrix mechanical clues could be 
mediating this effect.

Regulation by Tumor Associated Cells

Tumoral cells constantly are exposed to numerous secreted 
factors from tumor-associated cells that regulate cell behav-
ior, quiescence, and stem/differentiation state. Numerous 
studies have demonstrated that CD133 expression increases 
as an outcome of the cell communication between tumoral 
cells and its niche in several cancers through cytokines 
secretion such as interleukins, TNFα/β, HGF, adipokines, 
and TGFβ (Table 1).

Interleukins appear as the most studied secreted factors 
involved in CD133 upregulation by macrophages, cancer-
associated fibroblasts (CAFs), mesenchymal stem cells 

Fig. 3   Mechanotransduction signaling mediated by integrin interac-
tion with extracellular matrix (ECM) modulates CD133 expression 
in response to stiffness changes. The impact of ECM-cell interaction 
in CD133 levels can differ between traditional 2D (monolayer) and 
3D  in vitro  models. A Monolayer cultures on stiffer matrices pro-
mote the establishment of focal adhesions that transduce mechanical 
forces in signaling activation, such as PI3K signaling. Also, contrac-
tile forces transmission to the nucleus can modulate pathways at the 
transcriptional level modulating transcription coactivators, transcrip-

tion factors, and chromatin accessibility. By contrast, cells embed-
ded in ECM sense mechanical clues such as stiffness via integrins, 
but the downstream signaling is unclear. B Soft matrices in 3D mod-
els increased CD133 expression through the improved expression 
of Sox2, Oct4, and regulation of chromatin accessibility to PROM1 
promoter while repressing the expression of THBS2. CD133 in cell 
surface improves PI3K /Akt signaling, which can increase Sox2 and 
Nanog levels. Created with BioRender.com
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(MSCs), and adipocytes in local niches. Interleukins can 
induce STAT3 activation and its target genes expression 
in tumoral cells [180, 189, 191, 192]. STAT3 binds to the 
PROM1 promoter and increases CD133 protein levels [171]. 
But also, STAT3 cross-talking with other signaling pathways 
produces a robust response to external signals to improve 
CD133 expression and cancer stem features. STAT3 can 
activate Notch signaling through improved Notch ligands 
and receptors expression. Kim et al. (2021) reported that 
IL6/IL8 secreted by myofibroblasts in CRC microenviron-
ment increased CD133 + /CD44 + cell subpopulation [180] 
probably through STAT3/Jagged1 axis that triggers Notch 
signaling activation in tumor-adjacent cells [193] which has 
shown to regulate positively CD133 expression [194, 195].

High-fat diets and an imbalance between energy expendi-
ture and food intake promote fat accumulation leading to 
adipocyte tissue dysfunction, metabolic disorders, and 
chronic inflammation associated with cancer development. 
Leptin is an adipokine secreted predominantly by adipo-
cytes to regulate food intake and metabolism. Its levels are 

highly upregulated in obese individuals and linked to the 
development of several cancers because of its role in cell 
proliferation, angiogenesis, ECM-remodeling, pro-inflam-
matory niche maintenance, apoptosis resistance, and cancer 
stemness [196]. Leptin/STAT3/Notch axis enhances CD133 
levels, clonogenic and self-renewal capacity, whereas STAT3 
inhibitor, γ-gamma secretase inhibitor, and leptin antagonist 
(LDFI), abrogated leptin effect on stem cells functions in 
glioblastoma [177]. CD133 + cells tended to accumulate 
around adipocytes in pancreatic tumors. Kesh et al. (2022) 
reported that conditioned media from patient-derived adipo-
cytes increased CD133, Sox2, and Oct4 expression, which 
suggests that peritumoral adipocytes are part of the homing 
niche that maintains CD133 + population partially because 
of interleukins secretion such as IL6 [190].

In addition, high-fat diets are associated with abnormal 
oxidative stress and hyperlipidemia. ROS overproduction 
produce higher levels of oxidized low-density lipoproteins 
(ox-LDL) that promotes tumor-associated macrophage 
(TAM) activation in cancer. Interleukins produced by 

Table1   CD133 regulation in tumor cells by soluble factors in the microenvironment

1 Soluble factors secreted by tumor-associated cells are referenced; in various studies its effect was evaluated by ectopic expression to resemble 
tumor-associated cells secretion. ND: no detected or not evaluated

Cancer Tumor-associated cells1 Secreted factors Signaling induced in tumor cells Reference

HCC Stellate cells (CAFs transforma-
tion)

IL6/HGF ND [167, 168]
HGF ND [169]
SCUBE1 Shh/GLI-1 [170]

Ectopic IL6 STAT3/NFkB [171]
Ectopic LPS NFkB/HIF-1α [172]

HBx-infected hepatoma cells HUEVECs TGFβ TGFβ signaling [173]
Thyroid cancer M2-like macrophages Wnt ligands? (ND) β-catenin [174]

Neurons Acetylcholine M3R/p-Src/CD133/Akt [175]
Glioma T Regs TGF beta NFKB/IL6/STAT​ [176]

Ectopic Leptin ObR/STAT/Notch [177]
Medulloblastoma Astrocytes DN DN [178]
Colo-rectal cancer (CRC) Ectopic IL25 AMPK/SHH/GLI1 [179]

Myofibroblasts IL6, IL8 STAT3/Notch [180]
Jurkat cells TNFβ NFkB [181]
MSCs (placenta) IL8 CXCR2/ERK [182]
CD206 + macrophages Cytokines ND [183]
Tumor associated macrophages TAM-conditioned medium STAT3 [184]

Ovarian cancer Ectopic/CD68 + macrophages IL17 NFkB [185]
M2-like macrophages IL8 ND [186]

Oral Cancer M1-like macrophages TNFα, IL6, IL1β ND [187]
CAFs CXCL2/IL6 ND [188]

Pancreatic cancer Stellate cells (CAFs transforma-
tion)

IL6 STAT3 [189]

Adypocites Conditioned medium ND [190]
Lung cancer BM-MSC IL6 IL6R/STAT​ [191]
Esophageal squamous carcinoma Ectopic IL23 STAT3 [192]
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CD206 + macrophage cells could induce STAT signal-
ing in tumoral cells, which upregulate CD133 and CD44 
expression [183]. Further, ox-LDL could trigger ROS/
NFkβ/interleukins that act in an autocrine manner to acti-
vate STAT3 and subsequent target gene expression [197]. 
Also, other soluble factors such as TGFβ and TNFα/β from 
T Regs and T cells respectively, activate NFkB/Interleukins 
axis to probably reinforce STAT signaling in a feedback 
loop [176, 181]. IL17 promotes CD133 upregulation and 
enhanced clonogenic capacity, partially via NFkB activation 
in ovarian cancer cells. IL17 secretion by CD4 + lympho-
cytes and CD68 + macrophages in the local niche close to 
CD133 + ovarian cancer cells favor CD133 + cell mainte-
nance [185]. IL17B could enhance CD133 expression via 
the Akt/β-catenin axis in other cancers [198].

Beyond STAT signaling and its crosstalking with other 
signaling pathways, stromal cells can induce Hedgehog, 
and Wnt signaling activation led to CD133 upregulation in 
tumoral cells. Endothelial cells and CAFs promote CD133 
expression through Hedgehog pathway activation through 
Shh and SCUBE1 secretion in glioblastoma and HCC, 
respectively [170, 199]. SCUBE1 is a glycoprotein involved 
in Shh ligand secretion and membrane release; its overex-
pression in CAFs raises Shh, SMO, and GLI-1 levels with 
a concomitant increase in CD133 levels, whereas its down-
regulation displays an opposite effect, resulting in reduced 
migration and sphere-forming ability in tumoral cells [170]. 
Also, IL25 in CRC tissues could positively regulate Hedge-
hog signaling by p-AMPK reduction leading to Gli-1 sta-
bilization and nuclear translocation in cancer cells. How-
ever, it is not clear how IL25 disturbed AMPK levels and its 
phosphorylation in CRC [179]. M2-like macrophages could 
secrete Wnt ligands that enhance CD133, Oct4, and cMyc 
expression through β-catenin stabilization and nuclear trans-
location [200]. M2-like macrophages improved clonogenic 
anchorage-independent capacity, cell migration, and inva-
sion in thyroid cancer cells, whereas Wnt/β-catenin signal-
ing inhibition abolished it [174].

Endothelial cells also contribute to CD133 + subpopu-
lation maintenance in perivascular niches through TGFβ 
secretion and downstream signaling activation in hepatoma 
cells infected with the hepatitis B virus. CD133 appears 
essential to mediate the TGFβ effect on the EMT process in 
HBx-infected hepatoma cells [173]. TGFβ signaling regu-
late CD133 expression in a dose-dependent manner in part 
through the inhibition of DNA methyltransferases DNMT1 
and DNMT3β expression, resulting in CD133 (PROM1) 
promoter P1 methylation reduction, which favors its acti-
vation [51]. On the contrary, CD113 + cells of MHCC97H 
(HCC cell line) exhibit DNMT1 higher expression than 
CD133- cells; its knockdown results in stemness loss, 
miR34a transcription, and subsequent FOXM1 downregu-
lation. DNMT1/miR3a/FOXM1 axis plays an essential role 

in cancer stem-like traits in some liver cancer [201]. FOXM1 
regulation seems crucial in cancer progression and enhanced 
stemness in cancer [202–204]. DNMT1 loss could be detri-
mental to tumoral cells because of the multiple targets that 
it modulates (Fig. 4).

On the other hand, beyond CD133 levels regulation by 
tumor-associated cells, CD133 activity can be also mod-
ulated by secreted factors. Wang et al. (2020) found that 
acetylcholine secreted by neurons associated with thyroid 
cancer cells induces Y828 phosphorylation of CD133 and 
downstream PI3K/Akt activation, which enhances self-
renewal and restrains CD8 + T cell cytotoxicity [175]. Ace-
tylcholine binding to the M3R receptor and subsequent Src 
activation was essential to mediate CD133 function. Also, 
Wei et al. (2019) reported that CD133 + cells interact pref-
erentially with lymphatic endothelial cells in HCC tissues, 
and its interaction promotes IL17 secretion by endothe-
lial cells that stimulate STAT3 signaling and subsequent 
PD-L1 upregulation in tumoral cells. This interaction 
seems to depend on high-mannose glycans expressed on 
CD133 + cells and mannose receptors on endothelial cells; 
inhibition of this physical interaction abolished IL17 secre-
tion and CD133 + cells' resistance to CD8 + T cells [205]. 
This evidence suggests that hindering the CD133 function 
in tumor cells could impair not only self-renewal and tumo-
rigenicity, but also the ability of CD133 + cells to modify 
their niche. LDN193189 small molecule interacts with the 
C-terminus of CD133 and hampers p85 recruitment and 
downstream signaling, impairing self-renewal and tumori-
genicity of CD133 + cells in HCC. Also, LDN193189 down-
regulates galectin-3 transcription by impairing Y828/Y852 
phosphorylation of CD133 in HCC cells, leading to CD8 + T 
cells activation [206].

Cytotoxic Stress (Chemotherapy and Radiotherapy)

The acquisition of CD133 or pre-existence of CD133 + cells 
in the tumors is frequently associated with cancer stem-like 
cells with enhanced resistance to conventional therapy. 
CD133 promotes chemoresistance partially through Akt acti-
vation, which can modulate the activation of several proteins 
involved in drug efflux, apoptosis, and cell survival. CD133/
Akt inhibits pro-apoptotic proteins and promotes antiapop-
totic proteins and MDR1 expression via NFKB [208–210]. 
Also, CD133/Akt inhibits JNK and p38 downstream signal-
ing involved in drug-induced apoptosis and promotes p53 
degradation through MDM2 stabilization [211]. Whereas 
P53 could restrict CD133 expression under normal and 
stress conditions, CD133 upregulation abolishes p53 tumor 
suppressive function, indicating a mutual negative regulation 
that depends partially on the mutational background.

CD133 loss in different cancers can sensitize resistant 
cells to conventional chemotherapy by inducing PI3K/Akt 
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signaling reduction [212–214]. In addition, CD133 depletion 
frequently is accompanied by the suppressed expression of 
the pluripotent stem genes and slow proliferation pheno-
type in cancer [4, 215, 216], which suggests that CD133 
downregulation could impact several cellular processes via 
dependent and independent of PI3K/Akt signaling in a con-
text-dependent manner. CD133 acquisition during therapy 
emerges in response to cytotoxic stress as an adaptation 
mechanism to promote survival. Hereafter we will focus on 
the possible mechanisms triggered in the tumoral cell by its 
surrounding niche that promotes CD133 expression during 
or after drug treatment.

Tissue damage, inflammatory response, and cell death 
caused by chemotherapy or radiotherapy, can induce path-
ways activation or inhibition that promotes cell survival 
and tumor progression. Hou et  al. (2020) reported that 
irradiated mesenchymal cells (IR-MSCs) increase CD133 
expression and tumor growth in HCC through autocrine 
Wnt3a/β-catenin signaling activation. Disrupting CBP-
β-catenin interaction abolishes the IR-MSCs effect, but 
how IR-MSCs stimulate Wnt ligand secretion in tumoral 
cells is still unclear [217]. Cytokines secreted by stromal 
or cancer cells contribute to chemotherapy differential 

outcomes. Colony-stimulating factor (GM-CSF) upregula-
tion and secretion after 5FU and cisplatin treatment trigger 
STAT3 activation in residual gastric cancer cells. GM-CSF 
increased miR-877-3p expression, which suppresses SOCS2 
(suppressor of cytokine signaling 2), a negative JAK/STAT3 
signaling regulator, driving CD133 + cells to expansion and 
Sox2, Oct4, KLF4, and h-TERT upregulation [218]. IL6 
upregulation induced by MUC1/EGFR axis in tumoral cells 
results in CD133 + subpopulation expansion after chronic 
and acute paclitaxel treatment. MUC1 increased expression 
after paclitaxel treatment supports acquired chemoresist-
ance via MUC1-C/EGFR complex nuclear activity, thereby 
EGFR inhibition by Erlonitib sensitized cells to paclitaxel, 
abrogated CD133 + cells enrichment and prevented disease 
relapse of cervical cancer [219].

HCC early recurrence after radio-frequency ablation 
(RFA) treatment was associated with CD133 + cell growth 
partially due to VEGF and CXCL10 elevated levels after the 
treatment [220, 221]. Microvascular and tissue damage after 
RFA treatment could trigger HIF1α stabilization and subse-
quent VEGF expression to promote local angiogenesis and 
residual cell expansion characterized by CD133 enhanced 
expression [222]. Nanog increased expression induced by 

Fig. 4   The tumor microenvironment regulates CD133. Tumor-associ-
ated cells modulate CD133 levels in cancer cells through the secre-
tion of cytokines, growth factors, HMGB1, Shh, and Wnt ligands, 
and so forth. Also, toxins secreted such as LPS by bacteria could 

modulate CD133 expression [172, 184, 207].These factors induce 
signaling pathways that positively regulate CD133 expression. Cre-
ated with BioRender.com
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VEGF raises the frequency of CD133 + cells and enhances 
its clonogenic capacity [221]. Disturbing VEGF-VEGFR2 
interaction abrogates CD133 expansion driven by VEGF. 
Blocking CXCL10-CXCR3 interaction, CXCL10 fails to 
increase the c-Myc levels and proportion of CD133 + cells 
[220], but the molecular mechanism downstream VEGFR 
and CXCR3 after RFA treatment is unclear. In addition, 
Adini et al. (2013) demonstrated that CD133 interacts with 
VEGF, promoting its stabilization and dimerization, which 
favors VEGF binding to its receptor in endothelial cells and 
tumoral cells, indicating a possible feedback wherein CD133 
potentiates VEGF pro-angiogenic function in endothelial 
cells, and survival in tumoral cells via VEGF/Bcl-2 axis 
[223].

Tumors undergoing chemotherapy or radiotherapy dis-
play HMGB1 increased levels in the extracellular space that 
favors the acquisition of cancer stem-like features. HMGB1, 
a non-histone nuclear DNA binding protein involved in 
chromatin remodeling and gene transcription, also acts as 
an inflammation mediator by binding to TLR receptors. 
HMG1B can be released by damaged, dying cells, stromal 
cells or actively secreted by cancer cells in response to an 
external stimulus such as hypoxia and cytokines [224, 225]. 
Zhang et  al. (2019) demonstrated that CD133-negative 
tumoral cells acquired CD133 expression after exposure 
to HMGB1-released by irradiated-tumoral cells. HMG1B 
binds to TLR2 and induces YAP stabilization and YAP/
HIF-1α nuclear association, leading to pluripotency gene 
transcription. YAP binding to pluripotent gene promoters 
was dependent on HIF1α upon HMGB1 stimulus. Defi-
ciency of TLR2 and HIF-1α, abolished CD133 expres-
sion and clonogenic ability induced by HMG1B. TLR2/
YAP/HIF1α inhibitors delayed pancreatic tumor relapse in 
mice undergoing X-ray irradiation treatment [226]. Also, 
in response to temozolomide, GBM cells secrete HMG1B 
that triggers lncRNA NEAT1 (nuclear paraspeckle assembly 
transcript 1) upregulation favoring β-catenin/TCF signaling 
[227]. NEAT1 could regulate positively or negatively the 
Wnt signaling through mRNA or protein stabilization of 
proteins involved in the signaling cascade and the transcrip-
tional complex [228–230].

Conclusions and Perspectives 
for Therapeutic Strategies

The accuracy of CD133 as a biomarker for cancer stem-
like cells remains controversial, primarily due to the pres-
ence of CD133-negative cells that also possess a tumori-
genic potential and enhanced chemoresistance in several 
tumors [83, 231, 232]; and plasticity of stemness markers 
expression [233]. These findings suggest the existence 

of various subpopulations with distinct surface marker 
expressions with potential for tumor initiation and prob-
ably with a differential contribution to cancer progression, 
such as proliferation, latency, migration, and invasiveness. 
Additionally, the tumor microenvironment influences 
CD133 expression in tumoral cells and its modulation 
could be part of an adaptive response.

Remarkably, CD133 has been regarded as a therapeutic 
target for eradicating drug-tolerant cancer cells and pre-
venting cancer recurrence in various cancer types. Target-
ing CD133 enhances cell sensitivity to conventional chem-
otherapy by suppressing the overexpression of CD133 or 
preventing the enrichment of CD133 + cells in response to 
cytotoxic stress. In gastric cancer, the combined treatment 
of cisplatin and anti-CD133 CAR-T cells has demonstrated 
significant antineoplastic activity compared to individual 
therapeutic strategies [234].

Targeted immunotherapy utilizing antibodies that 
engage NK cells and T cells to CD133 + subpopulation 
has shown reduced outgrowth of CD133-overexpressing 
glioblastoma (GBM) tumors and decreased tumor burden 
in mice with myeloid leukemia, without impairing hemat-
opoietic stem cells, at concentrations effective against 
tumor cells [235, 236]. Furthermore, the development of 
vaccines incorporating modified CD133 mRNA into den-
dritic cells (DCs) has induced cytotoxic activity of both 
CD4 + and CD8 + T cells against triple-negative breast 
cancer (TNBC) and GBM cells, resulting in reduced tumor 
growth and increased survival in vaccinated mice [237, 
238]. Other drug delivery systems that employ CD133 
antibodies and CD133 peptides to eliminate CD133 + cells 
have shown heterogeneous efficacy and discrete responses 
in different in vitro and in vivo cancer models [239–241], 
likely due to the initial antigen expression on the cell sur-
face and changes in its expression during treatment [242].

As these therapeutic strategies rely on CD133 extracel-
lular domain recognition on the cell surface, understanding 
its internalization and potential functions in other cellu-
lar compartments may enable the development of more 
reliable CD133-targeted therapies with fewer limitations. 
Since CD133 expression is not limited to cancer stem-
like cells and also stem/progenitor cells and mature cells 
of various tissues, such as bone marrow, brain, kidney, 
liver, pancreas, and retina exhibit CD133, it is of para-
mount importance to elucidate the structural differences 
caused by post-translational modifications and alternative 
splicing variants that may mediate diverging functions 
between tumor and non-tumor cells, which is essential for 
designing precise therapeutic strategies against cancer and 
particularly CD133 + subpopulations. Additionally, the 
potential compensation by prominin-2 should be consid-
ered when developing therapies for particular cancer types.



41Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

Acknowledgements  Angela Patricia Moreno-Londoño is a Ph.D. stu-
dent in the program “Doctorado en Ciencias Bioquı́micas” “Universi-
dad Nacional Autónoma de México (UNAM),” and was granted with a 
Fellowship by CONACYT and DGAPA-UNAM (IV200220).

Author Contributions  All authors contributed to the study conception 
and design. Specifically, their contributions were: Conceptualization: 
A.P.M-L and M.R-F; investigation and figure design A.P.M-L. The first 
draft was performed by A.P.M-L. The final draft was written by A.P.M-
L and M.R-F. All authors read and approved the final manuscript.

Funding  This research was supported by grants from Universidad 
Nacional Autónoma de México (DGAPA-UNAM IV200220 and 
IN229420).

Data Availability  Data sharing not applicable to this article as no data-
sets were generated or analyzed during the current study. Other materi-
als such as Figures are within the article.

Declarations 

Ethics Approval  Not applicable.

Competing Interests  The authors declare that they have no conflict 
of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Hatina, J., Kripnerová, M., Houdek, Z., Pešta, M., & Tichánek, F. 
(2022). Pluripotency stemness and cancer: More questions than 
answers. Advances in Experimental Medicine and Biology, 1376, 
77–100. https://​doi.​org/​10.​1007/​5584_​2021_​663

	 2.	 Wang, H., Gong, P., Li, J., Fu, Y., Zhou, Z., & Liu, L. (2020). 
Role of CD133 in human embryonic stem cell proliferation and 
teratoma formation. Stem Cell Research & Therapy, 11(1), 208. 
https://​doi.​org/​10.​1186/​s13287-​020-​01729-0

	 3.	 Roudi, R., Ebrahimi, M., Sabet, M. N., Najafi, A., Nourani, M. 
R., Fomeshi, M. R., Samadikuchaksaraei, A., Shariftabrizi, A., 
& Madjd, Z. (2015). Comparative gene-expression profiling of 
CD133(+) and CD133(-) D10 melanoma cells. Future Oncology, 
11(17), 2383–2393. https://​doi.​org/​10.​2217/​fon.​15.​174

	 4.	 Liu, C. L., Chen, Y. J., Fan, M. H., Liao, Y. J., & Mao, T. L. 
(2020). Characteristics of CD133-sustained chemoresistant can-
cer stem-like cells in human ovarian carcinoma. International 
Journal of Molecular Sciences, 21(18), 6467. https://​doi.​org/​10.​
3390/​ijms2​11864​67

	 5.	 Jaksch, M., Múnera, J., Bajpai, R., Terskikh, A., & Oshima, R. 
G. (2008). Cell cycle-dependent variation of a CD133 epitope 
in human embryonic stem cell, colon cancer, and melanoma cell 

lines. Cancer Research, 68(19), 7882–7886. https://​doi.​org/​10.​
1158/​0008-​5472.​CAN-​08-​0723

	 6.	 Barrantes-Freer, A., Renovanz, M., Eich, M., Braukmann, A., 
Sprang, B., Spirin, P., Pardo, L. A., Giese, A., & Kim, E. L. 
(2015). CD133 expression is not synonymous to immunoreactiv-
ity for AC133 and fluctuates throughout the cell cycle in glioma 
stem-Like Cells. PLoS ONE, 10(6), e0130519. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01305​19

	 7.	 Corbeil, D., Röper, K., Hellwig, A., Tavian, M., Miraglia, S., 
Watt, S. M., Simmons, P. J., Peault, B., Buck, D. W., & Huttner, 
W. B. (2000). The human AC133 hematopoietic stem cell anti-
gen is also expressed in epithelial cells and targeted to plasma 
membrane protrusions. Journal of Biological Chemistry, 275(8), 
5512–5520. https://​doi.​org/​10.​1074/​jbc.​275.8.​5512

	 8.	 Corbeil, D., Marzesco, A. M., Wilsch-Bräuninger, M., & 
Huttner, W. B. (2010). The intriguing links between prom-
inin-1 (CD133), cholesterol-based membrane microdomains, 
remodeling of apical plasma membrane protrusions, extracel-
lular membrane particles, and (neuro)epithelial cell differen-
tiation. FEBS Letters, 584(9), 1659–1664. https://​doi.​org/​10.​
1016/j.​febsl​et.​2010.​01.​050

	 9.	 Singer, D., Thamm, K., Zhuang, H., Karbanová, J., Gao, Y., 
Walker, J. V., Jin, H., Wu, X., Coveney, C. R., Marangoni, P., 
Lu, D., Grayson, P. R. C., Gulsen, T., Liu, K. J., Ardu, S., Wann, 
A. K., Luo, S., Zambon, A. C., Jetten, A. M., … Hu, B. (2019). 
Prominin-1 controls stem cell activation by orchestrating ciliary 
dynamics. The EMBO Journal, 38(2), e99845. https://​doi.​org/​10.​
15252/​embj.​20189​9845

	 10.	 Izumi, H., Li, Y., Shibaki, M., Mori, D., Yasunami, M., Sato, 
S., Matsunaga, H., Mae, T., Kodama, K., Kamijo, T., Kaneko, 
Y., & Nakagawara, A. (2019). Recycling endosomal CD133 
functions as an inhibitor of autophagy at the pericentrosomal 
region. Science and Reports, 9(1), 2236. https://​doi.​org/​10.​1038/​
s41598-​019-​39229-8

	 11.	 Cantile, M., Collina, F., D’Aiuto, M., Rinaldo, M., Pirozzi, G., 
Borsellino, C., Franco, R., Botti, G., & Di Bonito, M. (2013). 
Nuclear localization of cancer stem cell marker CD133 in triple-
negative breast cancer: A case report. Tumori, 99(5), e245–e250. 
https://​doi.​org/​10.​1177/​03008​91613​09900​523

	 12.	 Nunukova, A., Neradil, J., Skoda, J., Jaros, J., Hampl, A., Sterba, 
J., & Veselska, R. (2015). Atypical nuclear localization of CD133 
plasma membrane glycoprotein in rhabdomyosarcoma cell lines. 
International Journal of Molecular Medicine, 36(1), 65–72. 
https://​doi.​org/​10.​3892/​ijmm.​2015.​2210

	 13.	 Huang, M., Zhu, H., Feng, J., Ni, S., & Huang, J. (2015). High 
CD133 expression in the nucleus and cytoplasm predicts poor 
prognosis in non-small cell lung cancer. Disease Markers, 2015, 
986095. https://​doi.​org/​10.​1155/​2015/​986095

	 14.	 Yu, G. F., Lin, X., Luo, R. C., & Fang, W. Y. (2018). Nuclear 
CD133 expression predicts poor prognosis for hepatocellular 
carcinoma. International Journal of Clinical and Experimental 
Pathology, 11(4), 2092–2099.

	 15.	 Lee, Y. M., Yeo, M. K., Seong, I. O., & Kim, K. H. (2018). 
Nuclear expression of CD133 Is associated with good prognosis 
in patients with colorectal adenocarcinoma. Anticancer Research, 
38(8), 4819–4826. https://​doi.​org/​10.​21873/​antic​anres.​12792

	 16.	 Rossi, E., Poirault-Chassac, S., Bieche, I., Chocron, R., Schnit-
zler, A., Lokajczyk, A., Bourdoncle, P., Dizier, B., Bacha, N. C., 
Gendron, N., Blandinieres, A., Guerin, C. L., Gaussem, P., & 
Smadja, D. M. (2019). Human endothelial Colony forming cells 
express intracellular CD133 that modulates their vasculogenic 
properties. Stem Cell Reviews and Reports, 15(4), 590–600. 
https://​doi.​org/​10.​1007/​s12015-​019-​09881-8

	 17.	 Chen, Y. L., Lin, P. Y., Ming, Y. Z., Huang, W. C., Chen, R. 
F., Chen, P. M., & Chu, P. Y. (2017). The effects of the loca-
tion of cancer stem cell marker CD133 on the prognosis of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/5584_2021_663
https://doi.org/10.1186/s13287-020-01729-0
https://doi.org/10.2217/fon.15.174
https://doi.org/10.3390/ijms21186467
https://doi.org/10.3390/ijms21186467
https://doi.org/10.1158/0008-5472.CAN-08-0723
https://doi.org/10.1158/0008-5472.CAN-08-0723
https://doi.org/10.1371/journal.pone.0130519
https://doi.org/10.1371/journal.pone.0130519
https://doi.org/10.1074/jbc.275.8.5512
https://doi.org/10.1016/j.febslet.2010.01.050
https://doi.org/10.1016/j.febslet.2010.01.050
https://doi.org/10.15252/embj.201899845
https://doi.org/10.15252/embj.201899845
https://doi.org/10.1038/s41598-019-39229-8
https://doi.org/10.1038/s41598-019-39229-8
https://doi.org/10.1177/030089161309900523
https://doi.org/10.3892/ijmm.2015.2210
https://doi.org/10.1155/2015/986095
https://doi.org/10.21873/anticanres.12792
https://doi.org/10.1007/s12015-019-09881-8


42	 Stem Cell Reviews and Reports (2024) 20:25–51

1 3

hepatocellular carcinoma patients. BMC Cancer, 17(1), 474. 
https://​doi.​org/​10.​1186/​s12885-​017-​3460-9

	 18.	 Yang, F., Xing, Y., Li, Y., Chen, X., Jiang, J., Ai, Z., & Wei, Y. 
(2018). Monoubiquitination of cancer stem cell marker CD133 
at lysine 848 regulates its secretion and promotes cell migration. 
Molecular and Cellular Biology, 38(15), e00024-e118. https://​
doi.​org/​10.​1128/​MCB.​00024-​18

	 19.	 Fargeas, C. A., Huttner, W. B., & Corbeil, D. (2007). Nomencla-
ture of prominin-1 (CD133) splice variants - an update. Tissue 
Antigens, 69(6), 602–606. https://​doi.​org/​10.​1111/j.​1399-​0039.​
2007.​00825.x

	 20.	 Liu, Y., Ren, S., Xie, L., Cui, C., Xing, Y., Liu, C., Cao, B., Yang, 
F., Li, Y., Chen, X., Wei, Y., Lu, H., & Jiang, J. (2015). Muta-
tion of N-linked glycosylation at Asn548 in CD133 decreases 
its ability to promote hepatoma cell growth. Oncotarget, 6(24), 
20650–60. https://​doi.​org/​10.​18632/​oncot​arget.​4115

	 21.	 Mak, A. B., Blakely, K. M., Williams, R. A., Penttilä, P. A., 
Shukalyuk, A. I., Osman, K. T., Kasimer, D., Ketela, T., & Mof-
fat, J. (2011). CD133 protein N-glycosylation processing con-
tributes to cell surface recognition of the primitive cell marker 
AC133 epitope. Journal of Biological Chemistry, 286(47), 
41046–41056. https://​doi.​org/​10.​1074/​jbc.​M111.​261545

	 22.	 Kemper, K., Sprick, M. R., de Bree, M., Scopelliti, A., Vermeu-
len, L., Hoek, M., Zeilstra, J., Pals, S. T., Mehmet, H., Stassi, G., 
& Medema, J. P. (2010). The AC133 epitope, but not the CD133 
protein, is lost upon cancer stem cell differentiation. Cancer 
Research, 70(2), 719–729. https://​doi.​org/​10.​1158/​0008-​5472.​
CAN-​09-​1820

	 23.	 Stanley, P., Moremen, K. W., Lewis, N. E., et al. (2022). N-Gly-
cans. In A. Varki, R. D. Cummings, J. D. Esko, et al. (Eds.), 
Essentials of glycobiology (4th ed., Internet). Cold Spring Har-
bor Laboratory Press. https://​doi.​org/​10.​1101/​glyco​biolo​gy.​4e.9. 
https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK57​9964/

	 24.	 Wei, Y., Chen, Q., Huang, S., Liu, Y., Li, Y., Xing, Y., Shi, D., 
Xu, W., Liu, W., Ji, Z., Wu, B., Chen, X., & Jiang, J. (2022). The 
interaction between DNMT1 and high-mannose CD133 main-
tains the slow-cycling state and tumorigenic potential of glioma 
stem cell. Advanced Science (Weinh), 9(26), e2202216. https://​
doi.​org/​10.​1002/​advs.​20220​2216

	 25.	 Mak, A. B., Nixon, A. M., Kittanakom, S., Stewart, J. M., Chen, 
G. I., Curak, J., Gingras, A. C., Mazitschek, R., Neel, B. G., 
Stagljar, I., & Moffat, J. (2012). Regulation of CD133 by HDAC6 
promotes β-catenin signaling to suppress cancer cell differen-
tiation. Cell Reports, 2(4), 951–963. https://​doi.​org/​10.​1016/j.​
celrep.​2012.​09.​016

	 26.	 Ding, Y., Dellisanti, C. D., Ko, M. H., Czajkowski, C., & Pug-
lielli, L. (2014). The endoplasmic reticulum-based acetyltrans-
ferases, ATase1 and ATase2, associate with the oligosaccharyl-
transferase to acetylate correctly folded polypeptides. Journal of 
Biological Chemistry, 289(46), 32044–32055. https://​doi.​org/​10.​
1074/​jbc.​M114.​585547

	 27.	 Mak, A. B., Pehar, M., Nixon, A. M., Williams, R. A., Uetrecht, 
A. C., Puglielli, L., & Moffat, J. (2014). Post-translational regula-
tion of CD133 by ATase1/ATase2-mediated lysine acetylation. 
Journal of Molecular Biology, 426(11), 2175–2182. https://​doi.​
org/​10.​1016/j.​jmb.​2014.​02.​012

	 28.	 Zhou, F., Cui, C., Ge, Y., Chen, H., Li, Q., Yang, Z., Wu, G., Sun, 
S., Chen, K., Gu, J., Jiang, J., & Wei, Y. (2010). Alpha 2,3-sia-
lylation regulates the stability of stem cell marker CD133. Jour-
nal of Biochemistry, 148(3), 273–280. https://​doi.​org/​10.​1093/​
jb/​mvq062

	 29.	 Dobie, C., & Skropeta, D. (2021). Insights into the role of sialyla-
tion in cancer progression and metastasis. British Journal of Can-
cer, 124(1), 76–90. https://​doi.​org/​10.​1038/​s41416-​020-​01126-7

	 30.	 Pietrobono, S., & Stecca, B. (2021). Aberrant sialylation in can-
cer: Biomarker and potential target for therapeutic intervention? 

Cancers (Basel), 13(9), 2014. https://​doi.​org/​10.​3390/​cance​rs130​
92014

	 31.	 Gao, Y. S., Hubbert, C. C., & Yao, T. P. (2010). The microtubule-
associated histone deacetylase 6 (HDAC6) regulates epidermal 
growth factor receptor (EGFR) endocytic trafficking and degra-
dation. Journal of Biological Chemistry, 285(15), 11219–11226. 
https://​doi.​org/​10.​1074/​jbc.​M109.​042754

	 32.	 Wattanathamsan, O., Chantaravisoot, N., Wongkongkathep, P., 
Kungsukool, S., Chetprayoon, P., Chanvorachote, P., Vinayanu-
wattikun, C., & Pongrakhananon, V. (2023). Inhibition of histone 
deacetylase 6 destabilizes ERK phosphorylation and suppresses 
cancer proliferation via modulation of the tubulin acetylation-
GRP78 interaction. Journal of Biomedical Science, 30(1), 4. 
https://​doi.​org/​10.​1186/​s12929-​023-​00898-3

	 33.	 Liu, K., Jiang, L., Shi, Y., Liu, B., He, Y., Shen, Q., Jiang, X., 
Nie, Z., Pu, J., Yang, C., & Chen, Y. (2022). Hypoxia-induced 
GLT8D1 promotes glioma stem cell maintenance by inhibiting 
CD133 degradation through N-linked glycosylation. Cell Death 
and Differentiation, 29(9), 1834–1849. https://​doi.​org/​10.​1038/​
s41418-​022-​00969-2

	 34.	 Xu, D., Shao, F., Bian, X., Meng, Y., Liang, T., & Lu, Z. (2021). 
The evolving landscape of noncanonical functions of metabolic 
enzymes in cancer and other pathologies. Cell Metabolism, 
33(1), 33–50. https://​doi.​org/​10.​1016/j.​cmet.​2020.​12.​015

	 35.	 He, H., Xiao, L., Wang, J., Guo, D., & Lu, Z. (2023). Aero-
bic glycolysis promotes tumor immune evasion and tumor cell 
stemness through the noncanonical function of hexokinase 2. 
Cancer Communications (Lond), 43(3), 387–390. https://​doi.​org/​
10.​1002/​cac2.​12404

	 36.	 Wang, J., Shao, F., Yang, Y., Wang, W., Yang, X., Li, R., Cheng, 
H., Sun, S., Feng, X., Gao, Y., He, J., & Lu, Z. (2022). A non-
metabolic function of hexokinase 2 in small cell lung cancer: 
Promotes cancer cell stemness by increasing USP11-mediated 
CD133 stability. Cancer Communications (Lond), 42(10), 1008–
1027. https://​doi.​org/​10.​1002/​cac2.​12351

	 37.	 Shi, L., Pan, H., Liu, Z., Xie, J., & Han, W. (2017). Roles of 
PFKFB3 in cancer. Signal Transduction and Targeted Therapy, 
2, 17044. https://​doi.​org/​10.​1038/​sigtr​ans.​2017.​44

	 38.	 Thirusangu, P., Ray, U., Sarkar Bhattacharya, S., Oien, D. B., Jin, 
L., Staub, J., Kannan, N., Molina, J. R., & Shridhar, V. (2022). 
PFKFB3 regulates cancer stemness through the hippo pathway 
in small cell lung carcinoma. Oncogene, 41(33), 4003–4017. 
https://​doi.​org/​10.​1038/​s41388-​022-​02391-x. Erratum in: Onco-
gene. 2023 Jan;42(1):79-82.

	 39.	 Sarkar Bhattacharya, S., Thirusangu, P., Jin, L., Staub, J., Shrid-
har, V., & Molina, J. R. (2022). PFKFB3 works on the FAK-
STAT3-SOX2 axis to regulate the stemness in MPM. British 
Journal of Cancer, 127(7), 1352–1364. https://​doi.​org/​10.​1038/​
s41416-​022-​01867-7

	 40	 Song, K., Kwon, H., Han, C., Zhang, J., Dash, S., Lim, K., & 
Wu, T. (2015). Active glycolytic metabolism in CD133(+) hepa-
tocellular cancer stem cells: regulation by MIR-122. Oncotarget, 
6(38), 40822–35. https://​doi.​org/​10.​18632/​oncot​arget.​5812

	 41.	 Zhao, H., Hu, C. Y., Chen, W. M., & Huang, P. (2019). Lactate 
promotes cancer stem-like property of Oral sequamous cell car-
cinoma. Current Medical Science, 39(3), 403–409. https://​doi.​
org/​10.​1007/​s11596-​019-​2050-2

	 42.	 Zhao, H., Yan, C., Hu, Y., Mu, L., Liu, S., Huang, K., Li, Q., Li, 
X., Tao, D., & Qin, J. (2020). Differentiated cancer cell-origi-
nated lactate promotes the self-renewal of cancer stem cells in 
patient-derived colorectal cancer organoids. Cancer Letters, 493, 
236–244. https://​doi.​org/​10.​1016/j.​canlet.​2020.​08.​044

	 43.	 Shegay, P. V., Zabolotneva, A. A., Shatova, O. P., Shestopalov, 
A. V., & Kaprin, A. D. (2022). Evolutionary view on lactate-
dependent mechanisms of maintaining cancer cell stemness and 

https://doi.org/10.1186/s12885-017-3460-9
https://doi.org/10.1128/MCB.00024-18
https://doi.org/10.1128/MCB.00024-18
https://doi.org/10.1111/j.1399-0039.2007.00825.x
https://doi.org/10.1111/j.1399-0039.2007.00825.x
https://doi.org/10.18632/oncotarget.4115
https://doi.org/10.1074/jbc.M111.261545
https://doi.org/10.1158/0008-5472.CAN-09-1820
https://doi.org/10.1158/0008-5472.CAN-09-1820
https://doi.org/10.1101/glycobiology.4e.9
https://www.ncbi.nlm.nih.gov/books/NBK579964/
https://doi.org/10.1002/advs.202202216
https://doi.org/10.1002/advs.202202216
https://doi.org/10.1016/j.celrep.2012.09.016
https://doi.org/10.1016/j.celrep.2012.09.016
https://doi.org/10.1074/jbc.M114.585547
https://doi.org/10.1074/jbc.M114.585547
https://doi.org/10.1016/j.jmb.2014.02.012
https://doi.org/10.1016/j.jmb.2014.02.012
https://doi.org/10.1093/jb/mvq062
https://doi.org/10.1093/jb/mvq062
https://doi.org/10.1038/s41416-020-01126-7
https://doi.org/10.3390/cancers13092014
https://doi.org/10.3390/cancers13092014
https://doi.org/10.1074/jbc.M109.042754
https://doi.org/10.1186/s12929-023-00898-3
https://doi.org/10.1038/s41418-022-00969-2
https://doi.org/10.1038/s41418-022-00969-2
https://doi.org/10.1016/j.cmet.2020.12.015
https://doi.org/10.1002/cac2.12404
https://doi.org/10.1002/cac2.12404
https://doi.org/10.1002/cac2.12351
https://doi.org/10.1038/sigtrans.2017.44
https://doi.org/10.1038/s41388-022-02391-x
https://doi.org/10.1038/s41416-022-01867-7
https://doi.org/10.1038/s41416-022-01867-7
https://doi.org/10.18632/oncotarget.5812
https://doi.org/10.1007/s11596-019-2050-2
https://doi.org/10.1007/s11596-019-2050-2
https://doi.org/10.1016/j.canlet.2020.08.044


43Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

reprimitivization. Cancers (Basel), 14(19), 4552. https://​doi.​org/​
10.​3390/​cance​rs141​94552

	 44.	 Shmelkov, S. V., Jun, L., St Clair, R., McGarrigle, D., Derderian, 
C. A., Usenko, J. K., Costa, C., Zhang, F., Guo, X., & Rafii, S. 
(2004). Alternative promoters regulate transcription of the gene 
that encodes stem cell surface protein AC133. Blood, 103(6), 
2055–2061. https://​doi.​org/​10.​1182/​blood-​2003-​06-​1881

	 45.	 Tabu, K., Sasai, K., Kimura, T., Wang, L., Aoyanagi, E., Koh-
saka, S., Tanino, M., Nishihara, H., & Tanaka, S. (2008). Pro-
moter hypomethylation regulates CD133 expression in human 
gliomas. Cell Research, 18(10), 1037–1046. https://​doi.​org/​10.​
1038/​cr.​2008.​270

	 46.	 Sompallae, R., Hofmann, O., Maher, C. A., Gedye, C., Behren, 
A., Vitezic, M., Daub, C. O., Devalle, S., Caballero, O. L., Car-
ninci, P., Hayashizaki, Y., Lawlor, E. R., Cebon, J., & Hide, W. 
(2013). A comprehensive promoter landscape identifies a novel 
promoter for CD133 in restricted tissues, cancers, and stem cells. 
Frontiers in Genetics, 4, 209. https://​doi.​org/​10.​3389/​fgene.​2013.​
00209

	 47.	 Yi, J. M., Tsai, H. C., Glöckner, S. C., Lin, S., Ohm, J. E., 
Easwaran, H., James, C. D., Costello, J. F., Riggins, G., Eber-
hart, C. G., Laterra, J., Vescovi, A. L., Ahuja, N., Herman, J. 
G., Schuebel, K. E., & Baylin, S. B. (2008). Abnormal DNA 
methylation of CD133 in colorectal and glioblastoma tumors. 
Cancer Research, 68(19), 8094–8103. https://​doi.​org/​10.​1158/​
0008-​5472.​CAN-​07-​6208

	 48.	 Baba, T., Convery, P. A., Matsumura, N., Whitaker, R. S., Kon-
doh, E., Perry, T., Huang, Z., Bentley, R. C., Mori, S., Fujii, S., 
Marks, J. R., Berchuck, A., & Murphy, S. K. (2009). Epigenetic 
regulation of CD133 and tumorigenicity of CD133+ ovarian can-
cer cells. Oncogene, 28(2), 209–218. https://​doi.​org/​10.​1038/​onc.​
2008.​374

	 49.	 Friel, A. M., Zhang, L., Curley, M. D., Therrien, V. A., Sergent, 
P. A., Belden, S. E., Borger, D. R., Mohapatra, G., Zukerberg, 
L. R., Foster, R., & Rueda, B. R. (2010). Epigenetic regulation 
of CD133 and tumorigenicity of CD133 positive and negative 
endometrial cancer cells. Reproductive Biology and Endocrinol-
ogy, 8, 147. https://​doi.​org/​10.​1186/​1477-​7827-8-​147

	 50.	 Geddert, H., Braun, A., Kayser, C., Dimmler, A., Faller, G., 
Agaimy, A., Haller, F., & Moskalev, E. A. (2017). Epigenetic 
regulation of CD133 in gastrointestinal stromal tumors. Ameri-
can Journal of Clinical Pathology, 147(5), 515–524. https://​doi.​
org/​10.​1093/​ajcp/​aqx028

	 51.	 Caja, L., Bellomo, C., & Moustakas, A. (2015). Transforming 
growth factor β and bone morphogenetic protein actions in brain 
tumors. FEBS Letters, 589(14), 1588–1597. https://​doi.​org/​10.​
1016/j.​febsl​et.​2015.​04.​058

	 52.	 You, H., Ding, W., & Rountree, C. B. (2010). Epigenetic regula-
tion of cancer stem cell marker CD133 by transforming growth 
factor-beta. Hepatology, 51(5), 1635–1644. https://​doi.​org/​10.​
1002/​hep.​23544

	 53.	 Ikushima, H., Todo, T., Ino, Y., Takahashi, M., Miyazawa, K., & 
Miyazono, K. (2009). Autocrine TGF-beta signaling maintains 
tumorigenicity of glioma-initiating cells through Sry-related 
HMG-box factors. Cell Stem Cell, 5(5), 504–514. https://​doi.​
org/​10.​1016/j.​stem.​2009.​08.​018. Erratum in: Cell Stem Cell. 
2009;5(6):666.

	 54.	 Tanabe, R., Miyazono, K., Todo, T., Saito, N., Iwata, C., Komuro, 
A., Sakai, S., Raja, E., Koinuma, D., Morikawa, M., Westermark, 
B., & Heldin, C. H. (2022). PRRX1 induced by BMP signaling 
decreases tumorigenesis by epigenetically regulating glioma-ini-
tiating cell properties via DNA methyltransferase 3A. Molecular 
Oncology, 16(1), 269–288. https://​doi.​org/​10.​1002/​1878-​0261.​
13051

	 55.	 Pellacani, D., Packer, R. J., Frame, F. M., Oldridge, E. E., Berry, 
P. A., Labarthe, M. C., Stower, M. J., Simms, M. S., Collins, A. 
T., & Maitland, N. J. (2011). Regulation of the stem cell marker 
CD133 is independent of promoter hypermethylation in human 
epithelial differentiation and cancer. Molecular Cancer, 10, 94. 
https://​doi.​org/​10.​1186/​1476-​4598-​10-​94

	 56.	 Zhang, W., Chai, W., Zhu, Z., & Li, X. (2020). Aldehyde oxidase 
1 promoted the occurrence and development of colorectal cancer 
by up-regulation of expression of CD133. International Immu-
nopharmacology, 85, 106618. https://​doi.​org/​10.​1016/j.​intimp.​
2020.​106618

	 57.	 Tao, H., Li, H., Su, Y., Feng, D., Wang, X., Zhang, C., Ma, H., 
& Hu, Q. (2014). Histone methyltransferase G9a and H3K9 
dimethylation inhibit the self-renewal of glioma cancer stem 
cells. Molecular and Cellular Biochemistry, 394(1–2), 23–30. 
https://​doi.​org/​10.​1007/​s11010-​014-​2077-4

	 58.	 Godfrey, L., Crump, N. T., O’Byrne, S., Lau, I. J., Rice, S., Har-
man, J. R., Jackson, T., Elliott, N., Buck, G., Connor, C., Thorne, 
R., Knapp, D. J. H. F., Heidenreich, O., Vyas, P., Menendez, 
P., Inglott, S., Ancliff, P., Geng, H., Roberts, I., … Milne, T. 
A. (2021). H3K79me2/3 controls enhancer-promoter interac-
tions and activation of the pan-cancer stem cell marker PROM1/
CD133 in MLL-AF4 leukemia cells. Leukemia, 35(1), 90–106. 
https://​doi.​org/​10.​1038/​s41375-​020-​0808-y

	 59.	 Eyler, C. E., Foo, W. C., LaFiura, K. M., McLendon, R. E., 
Hjelmeland, A. B., & Rich, J. N. (2008). Brain cancer stem cells 
display preferential sensitivity to Akt inhibition. Stem Cells, 
26(12), 3027–3036. https://​doi.​org/​10.​1634/​stemc​ells.​2007-​1073

	 60.	 He, Y., Sun, M. M., Zhang, G. G., Yang, J., Chen, K. S., Xu, W. 
W., & Li, B. (2021). Targeting PI3K/Akt signal transduction for 
cancer therapy. Signal Transduction and Targeted Therapy, 6(1), 
425.

	 61.	 Wei, Y., Jiang, Y., Zou, F., Liu, Y., Wang, S., Xu, N., Xu, W., Cui, 
C., Xing, Y., Liu, Y., Cao, B., Liu, C., Wu, G., Ao, H., Zhang, X., 
& Jiang, J. (2013). Activation of PI3K/Akt pathway by CD133-
p85 interaction promotes tumorigenic capacity of glioma stem 
cells. Proceedings of the National Academy of Sciences of the 
United States of America, 110(17), 6829–6834. https://​doi.​org/​
10.​1073/​pnas.​12170​02110

	 62.	 Shimozato, O., Waraya, M., Nakashima, K., Souda, H., Taki-
guchi, N., Yamamoto, H., Takenobu, H., Uehara, H., Ikeda, E., 
Matsushita, S., Kubo, N., Nakagawara, A., Ozaki, T., & Kamijo, 
T. (2015). Receptor-type protein tyrosine phosphatase κ directly 
dephosphorylates CD133 and regulates downstream AKT activa-
tion. Oncogene, 34(15), 1949–1960.

	 63.	 Matsushita, M., Mori, Y., Uchiumi, K., Ogata, T., Nakamura, 
M., Yoda, H., Soda, H., Takiguchi, N., Nabeya, Y., Shimozato, 
O., & Ozaki, T. (2019). PTPRK suppresses progression and 
chemo-resistance of colon cancer cells via direct inhibition of 
pro-oncogenic CD133. FEBS Open Bio, 9(5), 935–946. https://​
doi.​org/​10.​1002/​2211-​5463.​12636

	 64.	 Mori, Y., Takeuchi, A., Miyagawa, K., Yoda, H., Soda, H., 
Nabeya, Y., Watanabe, N., Ozaki, T., & Shimozato, O. (2021). 
CD133 prevents colon cancer cell death induced by serum dep-
rivation through activation of Akt-mediated protein synthesis 
and inhibition of apoptosis. FEBS Open Bio, 11(5), 1382–1394. 
https://​doi.​org/​10.​1002/​2211-​5463.​13145

	 65.	 Kim, S., Cho, C. Y., Lee, D., Song, D. G., Kim, H. J., Jung, J. 
W., Kim, J. E., Park, D., Lee, H., Um, H., Park, J., Choi, Y., Kim, 
Y., Nam, S. H., & Lee, J. W. (2018). CD133-induced TM4SF5 
expression promotes sphere growth via recruitment and blocking 
of protein tyrosine phosphatase receptor type F (PTPRF). Cancer 
Letters, 438, 219–231. https://​doi.​org/​10.​1016/j.​canlet.​2018.​09.​
009

https://doi.org/10.3390/cancers14194552
https://doi.org/10.3390/cancers14194552
https://doi.org/10.1182/blood-2003-06-1881
https://doi.org/10.1038/cr.2008.270
https://doi.org/10.1038/cr.2008.270
https://doi.org/10.3389/fgene.2013.00209
https://doi.org/10.3389/fgene.2013.00209
https://doi.org/10.1158/0008-5472.CAN-07-6208
https://doi.org/10.1158/0008-5472.CAN-07-6208
https://doi.org/10.1038/onc.2008.374
https://doi.org/10.1038/onc.2008.374
https://doi.org/10.1186/1477-7827-8-147
https://doi.org/10.1093/ajcp/aqx028
https://doi.org/10.1093/ajcp/aqx028
https://doi.org/10.1016/j.febslet.2015.04.058
https://doi.org/10.1016/j.febslet.2015.04.058
https://doi.org/10.1002/hep.23544
https://doi.org/10.1002/hep.23544
https://doi.org/10.1016/j.stem.2009.08.018
https://doi.org/10.1016/j.stem.2009.08.018
https://doi.org/10.1002/1878-0261.13051
https://doi.org/10.1002/1878-0261.13051
https://doi.org/10.1186/1476-4598-10-94
https://doi.org/10.1016/j.intimp.2020.106618
https://doi.org/10.1016/j.intimp.2020.106618
https://doi.org/10.1007/s11010-014-2077-4
https://doi.org/10.1038/s41375-020-0808-y
https://doi.org/10.1634/stemcells.2007-1073
https://doi.org/10.1073/pnas.1217002110
https://doi.org/10.1073/pnas.1217002110
https://doi.org/10.1002/2211-5463.12636
https://doi.org/10.1002/2211-5463.12636
https://doi.org/10.1002/2211-5463.13145
https://doi.org/10.1016/j.canlet.2018.09.009
https://doi.org/10.1016/j.canlet.2018.09.009


44	 Stem Cell Reviews and Reports (2024) 20:25–51

1 3

	 66.	 Bera, R., Chiou, C. Y., Yu, M. C., Peng, J. M., He, C. R., Hsu, C. 
Y., Huang, H. L., Ho, U. Y., Lin, S. M., Lin, Y. J., & Hsieh, S. Y. 
(2014). Functional genomics identified a novel protein tyrosine 
phosphatase receptor type F-mediated growth inhibition in hepa-
tocarcinogenesis. Hepatology, 59(6), 2238–2250. https://​doi.​org/​
10.​1002/​hep.​27030

	 67.	 Song, H. E., Lee, Y., Kim, E., Cho, C. Y., Jung, O., Lee, D., 
Lee, E. G., Nam, S. H., Kang, M., Macalino, S. J. Y., Kim, J. 
E., Jung, J. W., Kwon, S. W., Choi, S., & Lee, J. W. (2021). 
N-terminus-independent activation of c-Src via binding to a 
tetraspan(in) TM4SF5 in hepatocellular carcinoma is abolished 
by the TM4SF5 C-terminal peptide application. Theranostics, 
11(16), 8092–8111. https://​doi.​org/​10.​7150/​thno.​58739

	 68.	 Weng, C. C., Kuo, K. K., Su, H. T., Hsiao, P. J., Chen, Y. W., Wu, 
D. C., Hung, W. C., & Cheng, K. H. (2016). Pancreatic tumor 
progression associated with CD133 overexpression: involve-
ment of increased TERT expression and epidermal growth factor 
receptor-dependent Akt activation. Pancreas, 45(3), 443–457. 
https://​doi.​org/​10.​1097/​MPA.​00000​00000​000460

	 69.	 Jang, J. W., Song, Y., Kim, S. H., Kim, J. S., Kim, K. M., Choi, E. 
K., Kim, J., & Seo, H. R. (2017). CD133 confers cancer stem-like 
cell properties by stabilizing EGFR-AKT signaling in hepatocel-
lular carcinoma. Cancer Letters, 389, 1–10. https://​doi.​org/​10.​
1016/j.​canlet.​2016.​12.​023

	 70.	 Kim, H., Ju, J. H., Son, S., & Shin, I. (2020). Silencing of CD133 
inhibits GLUT1-mediated glucose transport through downregu-
lation of the HER3/Akt/mTOR pathway in colon cancer. FEBS 
Letters, 594(6), 1021–1035. https://​doi.​org/​10.​1002/​1873-​3468.​
13686

	 71.	 Graham, J. R., Hendershott, M. C., Terragni, J., & Cooper, G. 
M. (2010). mRNA degradation plays a significant role in the 
program of gene expression regulated by phosphatidylinositol 
3-kinase signaling. Molecular and Cellular Biology, 30(22), 
5295–5305. https://​doi.​org/​10.​1128/​MCB.​00303-​10

	 72.	 Li, H., Wang, C., Lan, L., Yan, L., Li, W., Evans, I., Ruiz, E. J., 
Su, Q., Zhao, G., Wu, W., Zhang, H., Zhou, Z., Hu, Z., Chen, 
W., Oliveira, J. M., Behrens, A., Reis, R. L., & Zhang, C. (2022). 
METTL3 promotes oxaliplatin resistance of gastric cancer 
CD133+ stem cells by promoting PARP1 mRNA stability. Cel-
lular and Molecular Life Sciences, 79(3), 135. https://​doi.​org/​10.​
1007/​s00018-​022-​04129-0

	 73.	 Liu, C., Li, Y., Xing, Y., Cao, B., Yang, F., Yang, T., Ai, Z., Wei, 
Y., & Jiang, J. (2016). The interaction between cancer stem cell 
marker CD133 and Src protein promotes focal adhesion kinase 
(FAK) phosphorylation and cell migration. Journal of Biological 
Chemistry, 291(30), 15540–15550. https://​doi.​org/​10.​1074/​jbc.​
M115.​712976

	 74.	 Ortiz, M. A., Mikhailova, T., Li, X., et al. (2021). Src family 
kinases, adaptor proteins and the actin cytoskeleton in epithelial-
to-mesenchymal transition. Cell Communication and Signaling: 
CCS, 19, 67. https://​doi.​org/​10.​1186/​s12964-​021-​00750-x

	 75.	 Chen, Y. S., Wu, M. J., Huang, C. Y., Lin, S. C., Chuang, T. H., 
Yu, C. C., & Lo, J. F. (2011). CD133/Src axis mediates tumor 
initiating property and epithelial-mesenchymal transition of head 
and neck cancer. PLoS ONE, 6(11), e28053. https://​doi.​org/​10.​
1371/​journ​al.​pone.​00280​53

	 76.	 Cai, C., Yu, J. W., Wu, J. G., Lu, R. Q., Ni, X. C., Wang, S. L., & 
Jiang, B. J. (2013). CD133 promotes the invasion and metastasis 
of gastric cancer via epithelial-mesenchymal transition. Zhong-
hua Wei Chang Wai Ke Za Zhi, 16(7), 662–667.

	 77.	 Ding, Q., Miyazaki, Y., Tsukasa, K., Matsubara, S., Yoshimitsu, 
M., & Takao, S. (2014). CD133 facilitates epithelial-mesenchy-
mal transition through interaction with the ERK pathway in pan-
creatic cancer metastasis. Molecular Cancer, 13, 15. https://​doi.​
org/​10.​1186/​1476-​4598-​13-​15

	 78.	 Patel, A., Sabbineni, H., Clarke, A., & Somanath, P. R. (2016). 
Novel roles of Src in cancer cell epithelial-to-mesenchymal tran-
sition, vascular permeability, microinvasion and metastasis. Life 
Sciences, 157, 52–61. https://​doi.​org/​10.​1016/j.​lfs.​2016.​05.​036

	 79.	 Lamar, J. M., Xiao, Y., Norton, E., Jiang, Z. G., Gerhard, G. 
M., Kooner, S., Warren, J. S. A., & Hynes, R. O. (2019). SRC 
tyrosine kinase activates the YAP/TAZ axis and thereby drives 
tumor growth and metastasis. Journal of Biological Chemistry, 
294(7), 2302–2317. https://​doi.​org/​10.​1074/​jbc.​RA118.​004364

	 80.	 Oh, H. T., Heo, W., Yoo, G. D., Kim, K. M., Hwang, J. H., 
Hwang, E. S., Ko, J., Ko, Y. G., & Hong, J. H. (2022). CD133-
Src-TAZ signaling stimulates ductal fibrosis following DDC diet-
induced liver injury. Journal of Cellular Physiology, 237(12), 
4504–4516. https://​doi.​org/​10.​1002/​jcp.​30899

	 81.	 Cordenonsi, M., Zanconato, F., Azzolin, L., Forcato, M., 
Rosato, A., Frasson, C., Inui, M., Montagner, M., Parenti, A. 
R., Poletti, A., Daidone, M. G., Dupont, S., Basso, G., Bic-
ciato, S., & Piccolo, S. (2011). The hippo transducer TAZ con-
fers cancer stem cell-related traits on breast cancer cells. Cell, 
147(4), 759–772. https://​doi.​org/​10.​1016/j.​cell.​2011.​09.​048

	 82.	 Byun, M. R., Hwang, J. H., Kim, A. R., Kim, K. M., Park, J. I., 
Oh, H. T., Hwang, E. S., & Hong, J. H. (2017). SRC activates 
TAZ for intestinal tumorigenesis and regeneration. Cancer Let-
ters, 410, 32–40. https://​doi.​org/​10.​1016/j.​canlet.​2017.​09.​003

	 83.	 Jayabal, P., Zhou, F., Lei, X., Ma, X., Blackman, B., Weintraub, 
S. T., Houghton, P. J., & Shiio, Y. (2021). NELL2-cdc42 signal-
ing regulates BAF complexes and Ewing sarcoma cell growth. 
Cell Reports, 36(1), 109254. https://​doi.​org/​10.​1016/j.​celrep.​
2021.​109254

	 84.	 Alfert, A., Moreno, N., & Kerl, K. (2019). The BAF complex in 
development and disease. Epigenetics & Chromatin, 12(1), 19. 
https://​doi.​org/​10.​1186/​s13072-​019-​0264-y

	 85.	 Gao, C., Xiao, G., & Hu, J. (2014). Regulation of Wnt/β-catenin 
signaling by posttranslational modifications. Cell & Bioscience, 
4(1), 13. https://​doi.​org/​10.​1186/​2045-​3701-4-​13

	 86.	 You, H., Li, Q., Kong, D., Liu, X., Kong, F., Zheng, K., & Tang, 
R. (2022). The interaction of canonical Wnt/β-catenin signaling 
with protein lysine acetylation. Cellular & Molecular Biology 
Letters, 27(1), 7. https://​doi.​org/​10.​1186/​s11658-​021-​00305-

	 87.	 Katoh, Y., & Katoh, M. (2007). Comparative genomics on 
PROM1 gene encoding stem cell marker CD133. International 
Journal of Molecular Medicine, 19(6), 967–970.

	 88.	 Tang, Y., Berlind, J., & Mavila, N. (2018). Inhibition of CREB 
binding protein-beta-catenin signaling down regulates CD133 
expression and activates PP2A-PTEN signaling in tumor initiat-
ing liver cancer cells. Cell Communication and Signaling: CCS, 
16(1), 9. https://​doi.​org/​10.​1186/​s12964-​018-​0222-5

	 89.	 Tremblay, J. R., Lopez, K., & Ku, H. T. (2019). A GLIS3-CD133-
WNT-signaling axis regulates the self-renewal of adult murine 
pancreatic progenitor-like cells in colonies and organoids. The 
Journal of Biological Chemistry, 294(45), 16634–16649. https://​
doi.​org/​10.​1074/​jbc.​RA118.​002818. Erratum in: J Biol Chem., 
295(15):5175.

	 90.	 Brossa, A., Papadimitriou, E., Collino, F., Incarnato, D., Olivi-
ero, S., Camussi, G., & Bussolati, B. (2018). Role of CD133 mol-
ecule in Wnt response and renal repair. Stem Cells Translational 
Medicine, 7(3), 283–294. https://​doi.​org/​10.​1002/​sctm.​17-​0158

	 91.	 Nelson, W. J., & Nusse, R. (2004). Convergence of Wnt, beta-
catenin, and cadherin pathways. Science, 303(5663), 1483–1487. 
https://​doi.​org/​10.​1126/​scien​ce.​10942​91

	 92.	 Shah, K., & Kazi, J. U. (2022). Phosphorylation-dependent regu-
lation of WNT/BETA-catenin signaling. Frontiers in Oncology, 
12, 858782. https://​doi.​org/​10.​3389/​fonc.​2022.​858782

	 93.	 Song, W., Zhang, D., Mi, J., Du, W., Yang, Y., Chen, R., Tian, 
C., Zhao, X., & Zou, K. (2022). E-cadherin maintains the undif-
ferentiated state of mouse spermatogonial progenitor cells via 

https://doi.org/10.1002/hep.27030
https://doi.org/10.1002/hep.27030
https://doi.org/10.7150/thno.58739
https://doi.org/10.1097/MPA.0000000000000460
https://doi.org/10.1016/j.canlet.2016.12.023
https://doi.org/10.1016/j.canlet.2016.12.023
https://doi.org/10.1002/1873-3468.13686
https://doi.org/10.1002/1873-3468.13686
https://doi.org/10.1128/MCB.00303-10
https://doi.org/10.1007/s00018-022-04129-0
https://doi.org/10.1007/s00018-022-04129-0
https://doi.org/10.1074/jbc.M115.712976
https://doi.org/10.1074/jbc.M115.712976
https://doi.org/10.1186/s12964-021-00750-x
https://doi.org/10.1371/journal.pone.0028053
https://doi.org/10.1371/journal.pone.0028053
https://doi.org/10.1186/1476-4598-13-15
https://doi.org/10.1186/1476-4598-13-15
https://doi.org/10.1016/j.lfs.2016.05.036
https://doi.org/10.1074/jbc.RA118.004364
https://doi.org/10.1002/jcp.30899
https://doi.org/10.1016/j.cell.2011.09.048
https://doi.org/10.1016/j.canlet.2017.09.003
https://doi.org/10.1016/j.celrep.2021.109254
https://doi.org/10.1016/j.celrep.2021.109254
https://doi.org/10.1186/s13072-019-0264-y
https://doi.org/10.1186/2045-3701-4-13
https://doi.org/10.1186/s11658-021-00305-
https://doi.org/10.1186/s12964-018-0222-5
https://doi.org/10.1074/jbc.RA118.002818
https://doi.org/10.1074/jbc.RA118.002818
https://doi.org/10.1002/sctm.17-0158
https://doi.org/10.1126/science.1094291
https://doi.org/10.3389/fonc.2022.858782


45Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

β-catenin. Cell & Bioscience, 12(1), 141. https://​doi.​org/​10.​1186/​
s13578-​022-​00880-w

	 94.	 Mendonsa, A. M., Na, T. Y., & Gumbiner, B. M. (2018). E-cad-
herin in contact inhibition and cancer. Oncogene, 37(35), 4769–
4780. https://​doi.​org/​10.​1038/​s41388-​018-​0304-2

	 95.	 Lee, J., Shin, J. E., Lee, B., Kim, H., Jeon, Y., Ahn, S. H., Chi, 
S. W., & Cho, Y. (2020). The stem cell marker Prom1 promotes 
axon regeneration by down-regulating cholesterol synthesis via 
Smad signaling. Proceedings of the National Academy of Sci-
ences of the United States of America, 117(27), 15955–15966. 
https://​doi.​org/​10.​1073/​pnas.​19208​29117

	 96.	 Roselló-Busquets, C., de la Oliva, N., Martínez-Mármol, R., 
Hernaiz-Llorens, M., Pascual, M., Muhaisen, A., Navarro, X., 
Del Valle, J., & Soriano, E. (2019). Cholesterol depletion regu-
lates axonal growth and enhances central and peripheral nerve 
regeneration. Frontiers in Cellular Neuroscience, 13, 40. https://​
doi.​org/​10.​3389/​fncel.​2019.​00040

	 97.	 Yan, X., & Chen, Y. G. (2011). Smad7: Not only a regulator, but 
also a cross-talk mediator of TGF-β signalling. The Biochemical 
Journal, 434(1), 1–10. https://​doi.​org/​10.​1042/​BJ201​01827

	 98.	 Lee, H., Yu, D. M., Bahn, M. S., Kwon, Y. J., Um, M. J., Yoon, 
S. Y., Kim, K. T., Lee, M. W., Jo, S. J., Lee, S., Koo, S. H., 
Jung, K. H., Lee, J. S., & Ko, Y. G. (2022). Hepatocyte-specific 
Prominin-1 protects against liver injury-induced fibrosis by sta-
bilizing SMAD7. Experimental & Molecular Medicine, 54(8), 
1277–1289. https://​doi.​org/​10.​1038/​s12276-​022-​00831-y

	 99.	 Wheway, G., Nazlamova, L., & Hancock, J. T. (2018). Signaling 
through the primary cilium. Frontiers in Cell and Developmental 
Biology, 6, 8. https://​doi.​org/​10.​3389/​fcell.​2018.​00008

	100	 Skoda, A. M., Simovic, D., Karin, V., Kardum, V., Vranic, S., & 
Serman, L. (2018). The role of the Hedgehog signaling pathway 
in cancer: A comprehensive review. Bosnian Journal of Basic 
Medical Sciences, 18(1), 8–20. https://​doi.​org/​10.​17305/​bjbms.​
2018.​2756

	101.	 Ferent, J., Cochard, L., Faure, H., Taddei, M., Hahn, H., Ruat, 
M., & Traiffort, E. (2014). Genetic activation of hedgehog signal-
ing unbalances the rate of neural stem cell renewal by increasing 
symmetric divisions. Stem Cell Reports, 3(2), 312–323. https://​
doi.​org/​10.​1016/j.​stemcr.​2014.​05.​016

	102.	 Pyczek, J., Buslei, R., Schult, D., Hölsken, A., Buchfelder, M., 
Heß, I., Hahn, H., & Uhmann, A. (2016). Hedgehog signaling 
activation induces stem cell proliferation and hormone release in 
the adult pituitary gland. Science and Reports, 6, 24928. https://​
doi.​org/​10.​1038/​srep2​4928

	103.	 Shimada, I. S., & Kato, Y. (2022). Ciliary signaling in stem cells 
in health and disease: Hedgehog pathway and beyond. Seminars 
in Cell & Developmental Biology, 129, 115–125. https://​doi.​org/​
10.​1016/j.​semcdb.​2022.​04.​011

	104	 Kong, J. H., Siebold, C., & Rohatgi, R. (2019). Biochemical 
mechanisms of vertebrate hedgehog signaling. Development, 
146(10), dev166892. https://​doi.​org/​10.​1242/​dev.​166892

	105.	 Jetten, A. M. (2018). GLIS1-3 transcription factors: Critical roles 
in the regulation of multiple physiological processes and dis-
eases. Cellular and Molecular Life Sciences, 75(19), 3473–3494. 
https://​doi.​org/​10.​1007/​s00018-​018-​2841-9

	106.	 Jetten, A. M. (2019). Emerging roles of GLI-similar Krüppel-like 
zinc finger transcription factors in leukemia and other cancers. 
Trends Cancer, 5(9), 547–557. https://​doi.​org/​10.​1016/j.​trecan.​
2019.​07.​005

	107.	 Zhao, L., Zhao, J., Zhong, K., Tong, A., & Jia, D. (2022). Tar-
geted protein degradation: Mechanisms, strategies and appli-
cation. Signal Transduction and Targeted Therapy, 7(1), 113. 
https://​doi.​org/​10.​1038/​s41392-​022-​00966-4

	108.	 Galluzzi, L., Baehrecke, E. H., Ballabio, A., Boya, P., Bravo-San 
Pedro, J. M., Cecconi, F., Choi, A. M., Chu, C. T., Codogno, P., 

Colombo, M. I., Cuervo, A. M., Debnath, J., Deretic, V., Dikic, 
I., Eskelinen, E. L., Fimia, G. M., Fulda, S., Gewirtz, D. A., 
Green, D. R., … Kroemer, G. (2017). Molecular definitions of 
autophagy and related processes. The EMBO Journal, 36(13), 
1811–1836. https://​doi.​org/​10.​15252/​embj.​20179​6697

	109.	 Kim, K. H., & Lee, M. S. (2014). Autophagya key player in 
cellular and body metabolism. Nature Reviews Endocrinology, 
10(6), 322–337. https://​doi.​org/​10.​1038/​nrendo.​2014.​35

	110.	 Chen, H., Luo, Z., Dong, L., Tan, Y., Yang, J., Feng, G., Wu, 
M., Li, Z., & Wang, H. (2013). CD133/prominin-1-mediated 
autophagy and glucose uptake beneficial for hepatoma cell sur-
vival. PLoS ONE, 8(2), e56878. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00568​78

	111.	 Sun, H., Zhang, M., Cheng, K., Li, P., Han, S., Li, R., Su, M., 
Zeng, W., Liu, J., Guo, J., Liu, Y., Zhang, X., He, Q., & Shen, L. 
(2016). Resistance of glioma cells to nutrient-deprived micro-
environment can be enhanced by CD133-mediated autophagy. 
Oncotarget, 7(46), 76238–76249. https://​doi.​org/​10.​18632/​oncot​
arget.​12803

	112.	 Izumi, H., Li, Y., Yasunami, M., Sato, S., Mae, T., Kaneko, Y., 
& Nakagawara, A. (2022). Asymmetric pericentrosomal CD133 
endosomes induce the unequal autophagic activity during cytoki-
nesis in CD133-positive human neuroblastoma cells. Stem Cells, 
40(4), 371–384.

	113.	 Sharif, T., Martell, E., Dai, C., Kennedy, B. E., Murphy, P., 
Clements, D. R., Kim, Y., Lee, P. W., & Gujar, S. A. (2017). 
Autophagic homeostasis is required for the pluripotency of can-
cer stem cells. Autophagy, 13(2), 264–284. https://​doi.​org/​10.​
1080/​15548​627.​2016.​12608​08

	114.	 Fargeas, C. A., Florek, M., Huttner, W. B., & Corbeil, D. (2003). 
Characterization of prominin-2, a new member of the prominin 
family of pentaspan membrane glycoproteins. Journal of Biologi-
cal Chemistry, 278(10), 8586–8596. https://​doi.​org/​10.​1074/​jbc.​
M2106​40200

	115.	 Fargeas, C. A., Büttner, E., & Corbeil, D. (2015). Commentary: 
“prom1 function in development, intestinal inflammation, and 
intestinal tumorigenesis.” Frontiers in Oncology, 5, 91. https://​
doi.​org/​10.​3389/​fonc.​2015.​00091

	116.	 Thamm, K., Šimaitė, D., Karbanová, J., Bermúdez, V., Reichert, 
D., Morgenstern, A., Bornhäuser, M., Huttner, W. B., Wilsch-
Bräuninger, M., & Corbeil, D. (2019). Prominin-1 (CD133) 
modulates the architecture and dynamics of microvilli. Traffic, 
20(1), 39–60. https://​doi.​org/​10.​1111/​tra.​12618

	117.	 Röper, K., Corbeil, D., & Huttner, W. (2000). Retention of prom-
inin in microvilli reveals distinct cholesterol-based lipid micro-
domains in the apical plasma membrane. Nature Cell Biology, 
2, 582–592. https://​doi.​org/​10.​1038/​35023​524

	118.	 Stilling, S., Kalliakoudas, T., Benninghoven-Frey, H., Inoue, 
T., & Falkenburger, B. H. (2022). PIP2 determines length and 
stability of primary cilia by balancing membrane turnovers. 
Communications Biology, 5(1), 93. https://​doi.​org/​10.​1038/​
s42003-​022-​03028-1

	119.	 Jászai, J., Thamm, K., Karbanová, J., Janich, P., Fargeas, C. A., 
Huttner, W. B., & Corbeil, D. (2020). Prominins control cili-
ary length throughout the animal kingdom: New lessons from 
human prominin-1 and zebrafish prominin-3. Journal of Biologi-
cal Chemistry, 295(18), 6007–6022. https://​doi.​org/​10.​1074/​jbc.​
RA119.​011253

	120.	 Hori, A., Nishide, K., Yasukuni, Y., Haga, K., Kakuta, W., Ishi-
kawa, Y., Hayes, M. J., Ohnuma, S. I., Kiyonari, H., Kimura, 
K., Kondo, T., & Sasai, N. (2019). Prominin-1 modulates RHO/
ROCK-mediated membrane morphology and calcium-dependent 
intracellular chloride flux. Science and Reports, 9(1), 15911. 
https://​doi.​org/​10.​1038/​s41598-​019-​52040-9

https://doi.org/10.1186/s13578-022-00880-w
https://doi.org/10.1186/s13578-022-00880-w
https://doi.org/10.1038/s41388-018-0304-2
https://doi.org/10.1073/pnas.1920829117
https://doi.org/10.3389/fncel.2019.00040
https://doi.org/10.3389/fncel.2019.00040
https://doi.org/10.1042/BJ20101827
https://doi.org/10.1038/s12276-022-00831-y
https://doi.org/10.3389/fcell.2018.00008
https://doi.org/10.17305/bjbms.2018.2756
https://doi.org/10.17305/bjbms.2018.2756
https://doi.org/10.1016/j.stemcr.2014.05.016
https://doi.org/10.1016/j.stemcr.2014.05.016
https://doi.org/10.1038/srep24928
https://doi.org/10.1038/srep24928
https://doi.org/10.1016/j.semcdb.2022.04.011
https://doi.org/10.1016/j.semcdb.2022.04.011
https://doi.org/10.1242/dev.166892
https://doi.org/10.1007/s00018-018-2841-9
https://doi.org/10.1016/j.trecan.2019.07.005
https://doi.org/10.1016/j.trecan.2019.07.005
https://doi.org/10.1038/s41392-022-00966-4
https://doi.org/10.15252/embj.201796697
https://doi.org/10.1038/nrendo.2014.35
https://doi.org/10.1371/journal.pone.0056878
https://doi.org/10.1371/journal.pone.0056878
https://doi.org/10.18632/oncotarget.12803
https://doi.org/10.18632/oncotarget.12803
https://doi.org/10.1080/15548627.2016.1260808
https://doi.org/10.1080/15548627.2016.1260808
https://doi.org/10.1074/jbc.M210640200
https://doi.org/10.1074/jbc.M210640200
https://doi.org/10.3389/fonc.2015.00091
https://doi.org/10.3389/fonc.2015.00091
https://doi.org/10.1111/tra.12618
https://doi.org/10.1038/35023524
https://doi.org/10.1038/s42003-022-03028-1
https://doi.org/10.1038/s42003-022-03028-1
https://doi.org/10.1074/jbc.RA119.011253
https://doi.org/10.1074/jbc.RA119.011253
https://doi.org/10.1038/s41598-019-52040-9


46	 Stem Cell Reviews and Reports (2024) 20:25–51

1 3

	121.	 Larkins, C. E., Aviles, G. D., East, M. P., Kahn, R. A., & Caspary, 
T. (2011). Arl13b regulates ciliogenesis and the dynamic locali-
zation of Shh signaling proteins. Molecular Biology of the Cell, 
22(23), 4694–4703. https://​doi.​org/​10.​1091/​mbc.​E10-​12-​0994

	122.	 Iommarini, L., Porcelli, A. M., Gasparre, G., & Kurelac, I. 
(2017). Non-canonical mechanisms regulating hypoxia-inducible 
factor 1 alpha in cancer. Frontiers in Oncology, 7, 286. https://​
doi.​org/​10.​3389/​fonc.​2017.​00286

	123.	 Ohnishi, S., Maehara, O., Nakagawa, K., Kameya, A., Otaki, K., 
Fujita, H., Higashi, R., Takagi, K., Asaka, M., Sakamoto, N., 
Kobayashi, M., & Takeda, H. (2013). Hypoxia-inducible factors 
activate CD133 promoter through ETS family transcription fac-
tors. PLoS ONE, 8(6), e66255. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00662​55

	124.	 Soeda, A., Park, M., Lee, D., Mintz, A., Androutsellis-Theotokis, 
A., McKay, R. D., Engh, J., Iwama, T., Kunisada, T., Kassam, 
A. B., Pollack, I. F., & Park, D. M. (2009). Hypoxia promotes 
expansion of the CD133-positive glioma stem cells through acti-
vation of HIF-1alpha. Oncogene, 28(45), 3949–3959. https://​doi.​
org/​10.​1038/​onc.​2009.​252

	125.	 Hashimoto, O., Shimizu, K., Semba, S., Chiba, S., Ku, Y., Yoko-
zaki, H., & Hori, Y. (2011). Hypoxia induces tumor aggressive-
ness and the expansion of CD133-positive cells in a hypoxia-
inducible factor-1α-dependent manner in pancreatic cancer cells. 
Pathobiology, 78(4), 181–192. https://​doi.​org/​10.​1159/​00032​
5538

	126.	 Liu, H., Liu, C., & Qu, Y. (2021). The effect and molecular mech-
anism of hypoxia on proliferation and apoptosis of CD133+ renal 
stem cells. Bosnian Journal of Basic Medical Science, 21(3), 
313–322. https://​doi.​org/​10.​17305/​bjbms.​2020.​4887

	127.	 Lida, H., Suzuki, M., Goitsuka, R., & Ueno, H. (2012). Hypoxia 
induces CD133 expression in human lung cancer cells by up-reg-
ulation of OCT3/4 and SOX2. International Journal of Oncol-
ogy, 40(1), 71–79. https://​doi.​org/​10.​3892/​ijo.​2011.​1207

	128.	 Wang, P., Zhao, L., Gong, S., Xiong, S., Wang, J., Zou, D., Pan, 
J., Deng, Y., Yan, Q., Wu, N., & Liao, B. (2021). HIF1α/HIF2α-
Sox2/Klf4 promotes the malignant progression of glioblastoma 
via the EGFR-PI3K/AKT signalling pathway with positive feed-
back under hypoxia. Cell Death & Disease, 12(4), 312. https://​
doi.​org/​10.​1038/​s41419-​021-​03598-8

	129.	 Xiong, S., Wang, D., Tang, Y., Lu, S., Huang, L., Wu, Z., Lei, S., 
Liang, G., Yang, D., Li, D., & Li, Y. (2023). HIF1α and HIF2α 
regulate non-small-cell lung cancer dedifferentiation via expres-
sion of Sox2 and Oct4 under hypoxic conditions. Gene, 863, 
147288. https://​doi.​org/​10.​1016/j.​gene.​2023.​147288

	130.	 Covello, K. L., Kehler, J., Yu, H., Gordan, J. D., Arsham, A. M., 
Hu, C. J., Labosky, P. A., Simon, M. C., & Keith, B. (2006). HIF-
2alpha regulates Oct-4: Effects of hypoxia on stem cell function, 
embryonic development, and tumor growth. Genes & Develop-
ment, 20(5), 557–570. https://​doi.​org/​10.​1101/​gad.​13999​06

	131.	 Chen, G., Liu, B., Yin, S., Li, S., Guo, Y., Wang, M., Wang, 
K., & Wan, X. (2020). Hypoxia induces an endometrial cancer 
stem-like cell phenotype via HIF-dependent demethylation of 
SOX2 mRNA. Oncogenesis, 9(9), 81. https://​doi.​org/​10.​1038/​
s41389-​020-​00265-z

	132.	 Nayak, A., Roy, A. D., Rout, N., Singh, S. P., Bhattacharyya, A., 
& Roychowdhury, A. (2020). HIF1α-dependent upregulation of 
ATAD2 promotes proliferation and migration of stomach can-
cer cells in response to hypoxia. Biochemical and Biophysical 
Research Communications, 523(4), 916–923. https://​doi.​org/​10.​
1016/j.​bbrc.​2019.​12.​130

	133.	 Hao, S., Li, F., Jiang, P., & Gao, J. (2022). Effect of chronic 
intermittent hypoxia-induced HIF-1α/ATAD2 expression on lung 
cancer stemness. Cellular & Molecular Biology Letters, 27(1), 
44. https://​doi.​org/​10.​1186/​s11658-​022-​00345-5

	134.	 Fu, J., Zhang, J., Chen, X., Liu, Z., Yang, X., He, Z., Hao, Y., Liu, 
B., & Yao, D. (2023). ATPase family AAA domain-containing 
protein 2 (ATAD2): From an epigenetic modulator to cancer 
therapeutic target. Theranostics, 13(2), 787–809. https://​doi.​org/​
10.​7150/​thno.​78840

	135.	 Wang, T., Perazza, D., Boussouar, F., Cattaneo, M., Bougdour, 
A., Chuffart, F., Barral, S., Vargas, A., Liakopoulou, A., Puthier, 
D., Bargier, L., Morozumi, Y., Jamshidikia, M., Garcia-Saez, I., 
Petosa, C., Rousseaux, S., Verdel, A., & Khochbin, S. (2021). 
ATAD2 controls chromatin-bound HIRA turnover. Life Science 
Alliance, 4(12), e202101151. https://​doi.​org/​10.​26508/​lsa.​20210​
1151

	136.	 Wang, P., Gong, S., Liao, B., Pan, J., Wang, J., Zou, D., Zhao, L., 
Xiong, S., Deng, Y., Yan, Q., & Wu, N. (2022). HIF1α/HIF2α 
induces glioma cell dedifferentiation into cancer stem cells 
through Sox2 under hypoxic conditions. Journal of Cancer, 
13(1), 1–14. https://​doi.​org/​10.​7150/​jca.​54402

	137.	 Wang, P., Wan, W., Xiong, S., Wang, J., Zou, D., Lan, C., 
Yu, S., Liao, B., Feng, H., & Wu, N. (2017). HIF1α regulates 
glioma chemosensitivity through the transformation between 
differentiation and dedifferentiation in various oxygen lev-
els. Science and Reports, 7(1), 7965. https://​doi.​org/​10.​1038/​
s41598-​017-​06086-2

	138.	 Hu, Y. Y., Fu, L. A., Li, S. Z., Chen, Y., Li, J. C., Han, J., Liang, 
L., Li, L., Ji, C. C., Zheng, M. H., & Han, H. (2014). Hif-1α and 
Hif-2α differentially regulate Notch signaling through competi-
tive interaction with the intracellular domain of Notch receptors 
in glioma stem cells. Cancer Letters, 349(1), 67–76. https://​doi.​
org/​10.​1016/j.​canlet.​2014.​03.​035

	139.	 Wu, K., Wu, M., Yang, H., Diao, R., & Zeng, H. (2023). Hypoxia 
promotes conversion to a stem cell phenotype in prostate cancer 
cells by activating HIF-1α/Notch1 signaling pathway. Clinical 
and Translational Oncology, 25(7), 2138–2152. https://​doi.​org/​
10.​1007/​s12094-​023-​03093-w

	140.	 Bhuria, V., Xing, J., Scholta, T., Bui, K. C., Nguyen, M. L. T., 
Malek, N. P., Bozko, P., & Plentz, R. R. (2019). Hypoxia induced 
Sonic Hedgehog signaling regulates cancer stemness, epithelial-
to-mesenchymal transition and invasion in cholangiocarcinoma. 
Experimental Cell Research, 385(2), 111671. https://​doi.​org/​10.​
1016/j.​yexcr.​2019.​111671

	141.	 Kaidi, A., Williams, A. C., & Paraskeva, C. (2007). Interaction 
between beta-catenin and HIF-1 promotes cellular adaptation to 
hypoxia. Nature Cell Biology, 9(2), 210–217. https://​doi.​org/​10.​
1038/​ncb15​34

	142.	 Choi, H., Chun, Y. S., Kim, T. Y., & Park, J. W. (2010). HIF-
2alpha enhances beta-CATENIN/TCF-driven transcription by 
interacting with beta-catenin. Cancer Research, 70(24), 10101–
10111. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​10-​0505

	143.	 Miao, Z., Zhao, X., & Liu, X. (2023). Hypoxia induced β-catenin 
lactylation promotes the cell proliferation and stemness of colo-
rectal cancer through the wnt signaling pathway. Experimental 
Cell Research, 422(1), 113439. https://​doi.​org/​10.​1016/j.​yexcr.​
2022.​113439

	144.	 Mazumdar, J., O’Brien, W. T., Johnson, R. S., LaManna, J. C., 
Chavez, J. C., Klein, P. S., & Simon, M. C. (2010). O2 regulates 
stem cells through Wnt/β-catenin signalling. Nature Cell Biol-
ogy, 12(10), 1007–1013. https://​doi.​org/​10.​1038/​ncb21​02

	145.	 Knaus, U. G. (2021). Oxidants in physiological processes. Hand-
book of Experimental Pharmacology, 264, 27–47. https://​doi.​org/​
10.​1007/​164_​2020_​380

	146.	 Tang, Y., Zhang, Z., Chen, Y., Qin, S., Zhou, L., Gao, W., & 
Shen, Z. (2022). Metabolic adaptation-mediated cancer survival 
and progression in oxidative stress. Antioxidants (Basel), 11(7), 
1324. https://​doi.​org/​10.​3390/​antio​x1107​1324

	147.	 Chien, C. H., Chuang, J. Y., Yang, S. T., Yang, W. B., Chen, P. 
Y., Hsu, T. I., Huang, C. Y., Lo, W. L., Yang, K. Y., Liu, M. S., 

https://doi.org/10.1091/mbc.E10-12-0994
https://doi.org/10.3389/fonc.2017.00286
https://doi.org/10.3389/fonc.2017.00286
https://doi.org/10.1371/journal.pone.0066255
https://doi.org/10.1371/journal.pone.0066255
https://doi.org/10.1038/onc.2009.252
https://doi.org/10.1038/onc.2009.252
https://doi.org/10.1159/000325538
https://doi.org/10.1159/000325538
https://doi.org/10.17305/bjbms.2020.4887
https://doi.org/10.3892/ijo.2011.1207
https://doi.org/10.1038/s41419-021-03598-8
https://doi.org/10.1038/s41419-021-03598-8
https://doi.org/10.1016/j.gene.2023.147288
https://doi.org/10.1101/gad.1399906
https://doi.org/10.1038/s41389-020-00265-z
https://doi.org/10.1038/s41389-020-00265-z
https://doi.org/10.1016/j.bbrc.2019.12.130
https://doi.org/10.1016/j.bbrc.2019.12.130
https://doi.org/10.1186/s11658-022-00345-5
https://doi.org/10.7150/thno.78840
https://doi.org/10.7150/thno.78840
https://doi.org/10.26508/lsa.202101151
https://doi.org/10.26508/lsa.202101151
https://doi.org/10.7150/jca.54402
https://doi.org/10.1038/s41598-017-06086-2
https://doi.org/10.1038/s41598-017-06086-2
https://doi.org/10.1016/j.canlet.2014.03.035
https://doi.org/10.1016/j.canlet.2014.03.035
https://doi.org/10.1007/s12094-023-03093-w
https://doi.org/10.1007/s12094-023-03093-w
https://doi.org/10.1016/j.yexcr.2019.111671
https://doi.org/10.1016/j.yexcr.2019.111671
https://doi.org/10.1038/ncb1534
https://doi.org/10.1038/ncb1534
https://doi.org/10.1158/0008-5472.CAN-10-0505
https://doi.org/10.1016/j.yexcr.2022.113439
https://doi.org/10.1016/j.yexcr.2022.113439
https://doi.org/10.1038/ncb2102
https://doi.org/10.1007/164_2020_380
https://doi.org/10.1007/164_2020_380
https://doi.org/10.3390/antiox11071324


47Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

Chu, J. M., Chung, P. H., Liu, J. J., Chou, S. W., Chen, S. H., 
& Chang, K. Y. (2019). Enrichment of superoxide dismutase 2 
in glioblastoma confers to acquisition of temozolomide resist-
ance that is associated with tumor-initiating cell subsets. Jour-
nal of Biomedical Science, 26(1), 77. https://​doi.​org/​10.​1186/​
s12929-​019-​0565-2

	148.	 Song, Y., Park, I. S., Kim, J., & Seo, H. R. (2019). Actinomycin 
D inhibits the expression of the cystine/glutamate transporter 
xCT via attenuation of CD133 synthesis in CD133+ HCC. 
Chemico-Biological Interactions, 309, 108713. https://​doi.​org/​
10.​1016/j.​cbi.​2019.​06.​026

	149.	 Zheng, X., Li, C., Yu, K., Shi, S., Chen, H., Qian, Y., & Mei, Z. 
(2020). Aquaporin-9, mediated by IGF2, suppresses liver cancer 
stem cell properties via augmenting ROS/Β-Catenin/FOXO3a 
signaling. Molecular Cancer Research, 18(7), 992–1003. https://​
doi.​org/​10.​1158/​1541-​7786.​MCR-​19-​1180

	150.	 Essers, M. A., de Vries-Smits, L. M., Barker, N., Polderman, P. 
E., Burgering, B. M., & Korswagen, H. C. (2005). Functional 
interaction between beta-catenin and FOXO in oxidative stress 
signaling. Science, 308(5725), 1181–1184. https://​doi.​org/​10.​
1126/​scien​ce.​11090​83

	151.	 Boccitto, M., & Kalb, R. G. (2011). Regulation of Foxo-depend-
ent transcription by post-translational modifications. Current 
Drug Targets, 12(9), 1303–1310. https://​doi.​org/​10.​2174/​13894​
50117​96150​316

	152.	 Wang, Y., Wu, G., Fu, X., Xu, S., Wang, T., Zhang, Q., & Yang, 
Y. (2019). Aquaporin 3 maintains the stemness of CD133+ hepa-
tocellular carcinoma cells by activating STAT3. Cell Death & 
Disease, 10(6), 465. https://​doi.​org/​10.​1038/​s41419-​019-​1712-0

	153.	 Wang, R., Wang, X., Zhao, J., Jin, J., Fan, W., Zhu, X., Chen, 
Q., Zhang, B., Lan, L., Qu, K., Zhu, L., & Wang, J. (2022). 
Clinical value and molecular mechanism of AQGPs in different 
tumors. Medical Oncology, 39(11), 174. https://​doi.​org/​10.​1007/​
s12032-​022-​01766-0

	154.	 Linher-Melville, K., & Singh, G. (2017). The complex roles of 
STAT3 and STAT5 in maintaining redox balance: Lessons from 
STAT-mediated xCT expression in cancer cells. Molecular and 
Cellular Endocrinology, 451, 40–52. https://​doi.​org/​10.​1016/j.​
mce.​2017.​02.​014

	155.	 Wang, C., Wang, Z., Liu, W., & Ai, Z. (2019). ROS-generating 
oxidase NOX1 promotes the self-renewal activity of CD133+ 
thyroid cancer cells through activation of the Akt signaling. Can-
cer Letters, 447, 154–163. https://​doi.​org/​10.​1016/j.​canlet.​2019.​
01.​028

	156.	 Wu, Q., Li, L., Miao, C., Hasnat, M., Sun, L., Jiang, Z., & Zhang, 
L. (2022). Osteopontin promotes hepatocellular carcinoma pro-
gression through inducing JAK2/STAT3/NOX1-mediated ROS 
production. Cell Death & Disease, 13(4), 341. https://​doi.​org/​10.​
1038/​s41419-​022-​04806-9

	157.	 Saraswathibhatla, A., Indana, D., & Chaudhuri, O. (2023). Cell-
extracellular matrix mechanotransduction in 3D. Nature Reviews 
Molecular Cell Biology, 24(7), 495–516. https://​doi.​org/​10.​1038/​
s41580-​023-​00583-1

	158.	 You, Y., Zheng, Q., Dong, Y., Xie, X., Wang, Y., Wu, S., Zhang, 
L., Wang, Y., Xue, T., Wang, Z., Chen, R., Wang, Y., Cui, J., & 
Ren, Z. (2016). Matrix stiffness-mediated effects on stemness 
characteristics occurring in HCC cells. Oncotarget, 7(22), 
32221–31. https://​doi.​org/​10.​18632/​oncot​arget.​8515

	159.	 Ng, K. Y., Shea, Q. T., Wong, T. L., Luk, S. T., Tong, M., Lo, C. 
M., Man, K., Yun, J. P., Guan, X. Y., Lee, T. K., Zheng, Y. P., & 
Ma, S. (2021). Chemotherapy-enriched THBS2-deficient cancer 
stem cells drive hepatocarcinogenesis through matrix softness 
induced histone H3 modifications. Advanced Science (Weinh), 
8(5), 2002483. https://​doi.​org/​10.​1002/​advs.​20200​2483

	160.	 Dong, Y., Xie, X., Wang, Z., Hu, C., Zheng, Q., Wang, Y., 
Chen, R., Xue, T., Chen, J., Gao, D., Wu, W., Ren, Z., & Cui, J. 

(2014). Increasing matrix stiffness upregulates vascular endothe-
lial growth factor expression in hepatocellular carcinoma cells 
mediated by integrin β1. Biochemical and Biophysical Research 
Communications, 444(3), 427–432. https://​doi.​org/​10.​1016/j.​
bbrc.​2014.​01.​079

	161.	 Pang, M., Teng, Y., Huang, J., Yuan, Y., Lin, F., & Xiong, C. 
(2017). Substrate stiffness promotes latent TGF-β1 activation in 
hepatocellular carcinoma. Biochemical and Biophysical Research 
Communications, 483(1), 553–558. https://​doi.​org/​10.​1016/j.​
bbrc.​2016.​12.​107

	162.	 Zhang, R., Ma, M., Dong, G., Yao, R. R., Li, J. H., Zheng, Q. D., 
Dong, Y. Y., Ma, H., Gao, D. M., Cui, J. F., Ren, Z. G., & Chen, 
R. X. (2017). Increased matrix stiffness promotes tumor progres-
sion of residual hepatocellular carcinoma after insufficient heat 
treatment. Cancer Science, 108(9), 1778–1786. https://​doi.​org/​
10.​1111/​cas.​13322

	163.	 Wang, C., Jiang, X., Huang, B., Zhou, W., Cui, X., Zheng, 
C., Liu, F., Bi, J., Zhang, Y., Luo, H., Yuan, L., Yang, J., & 
Yu, Y. (2021). Inhibition of matrix stiffness relating integrin 
β1 signaling pathway inhibits tumor growth in vitro and in 
hepatocellular cancer xenografts. BMC Cancer, 21(1), 1276. 
https://​doi.​org/​10.​1186/​s12885-​021-​08982-3

	164.	 Gardelli, C., Russo, L., Cipolla, L., Moro, M., Andriani, F., 
Rondinone, O., Nicotra, F., Sozzi, G., Bertolini, G., & Roz, L. 
(2021). Differential glycosylation of collagen modulates lung 
cancer stem cell subsets through β1 integrin-mediated inter-
actions. Cancer Science, 112(1), 217–230. https://​doi.​org/​10.​
1111/​cas.​14700

	165.	 Tao, B., Song, Y., Wu, Y., Yang, X., Peng, T., Peng, L., Xia, 
K., Xia, X., Chen, L., & Zhong, C. (2021). Matrix stiffness 
promotes glioma cell stemness by activating BCL9L/Wnt/β-
catenin signaling. Aging (Albany NY), 13(4), 5284–5296. 
https://​doi.​org/​10.​18632/​aging.​202449

	166.	 Zhang, M., Xu, C., Wang, H. Z., Peng, Y. N., Li, H. O., Zhou, 
Y. J., Liu, S., Wang, F., Liu, L., Chang, Y., Zhao, Q., & Liu, J. 
(2019). Soft fibrin matrix downregulates DAB2IP to promote 
nanog-dependent growth of colon tumor-repopulating cells. 
Cell Death & Disease, 10(3), 151. https://​doi.​org/​10.​1038/​
s41419-​019-​1309-7

	167.	 Wen, Q., Xu, C., Zhou, J., Liu, N. M., Cui, Y. H., Quan, M. 
F., Cao, J. G., & Ren, K. Q. (2019). 8-bromo-7-methoxy-
chrysin suppress stemness of SMMC-7721 cells induced by 
co-culture of liver cancer stem-like cells with hepatic stel-
late cells. BMC Cancer, 19(1), 224. https://​doi.​org/​10.​1186/​
s12885-​019-​5419-5

	168.	 Cui, Y., Sun, S., Ren, K., Quan, M., Song, Z., Zou, H., Li, D., 
& Cao, J. (2016). Reversal of liver cancer-associated stellate 
cell-induced stem-like characteristics in SMMC-7721 cells by 
8-bromo-7-methoxychrysin via inhibiting STAT3 activation. 
Oncology Reports, 35(5), 2952–2962. https://​doi.​org/​10.​3892/​
or.​2016.​4637

	169.	 Chen, A., Xu, C., Luo, Y., Liu, L., Song, K., Deng, G., Yang, 
M., Cao, J., Yuan, L., & Li, X. (2019). Disruption of crosstalk 
between LX-2 and liver cancer stem-like cells from MHCC97H 
cells by DFOG via inhibiting FOXM1. Acta Biochimica et Bio-
physica Sinica (Shanghai), 51(12), 1267–1275. https://​doi.​org/​
10.​1093/​abbs/​gmz129

	170.	 Zhao, J., Li, R., Li, J., Chen, Z., Lin, Z., Zhang, B., Deng, L., 
Chen, G., & Wang, Y. (2022). CAFs-derived SCUBE1 promotes 
malignancy and stemness through the Shh/Gli1 pathway in hepa-
tocellular carcinoma. Journal of Translational Medicine, 20(1), 
520. https://​doi.​org/​10.​1186/​s12967-​022-​03689-w

	171.	 Won, C., Kim, B. H., Yi, E. H., Choi, K. J., Kim, E. K., Jeong, 
J. M., Lee, J. H., Jang, J. J., Yoon, J. H., Jeong, W. I., Park, I. C., 
Kim, T. W., Bae, S. S., Factor, V. M., Ma, S., Thorgeirsson, S. S., 
Lee, Y. H., & Ye, S. K. (2015). Signal transducer and activator 

https://doi.org/10.1186/s12929-019-0565-2
https://doi.org/10.1186/s12929-019-0565-2
https://doi.org/10.1016/j.cbi.2019.06.026
https://doi.org/10.1016/j.cbi.2019.06.026
https://doi.org/10.1158/1541-7786.MCR-19-1180
https://doi.org/10.1158/1541-7786.MCR-19-1180
https://doi.org/10.1126/science.1109083
https://doi.org/10.1126/science.1109083
https://doi.org/10.2174/138945011796150316
https://doi.org/10.2174/138945011796150316
https://doi.org/10.1038/s41419-019-1712-0
https://doi.org/10.1007/s12032-022-01766-0
https://doi.org/10.1007/s12032-022-01766-0
https://doi.org/10.1016/j.mce.2017.02.014
https://doi.org/10.1016/j.mce.2017.02.014
https://doi.org/10.1016/j.canlet.2019.01.028
https://doi.org/10.1016/j.canlet.2019.01.028
https://doi.org/10.1038/s41419-022-04806-9
https://doi.org/10.1038/s41419-022-04806-9
https://doi.org/10.1038/s41580-023-00583-1
https://doi.org/10.1038/s41580-023-00583-1
https://doi.org/10.18632/oncotarget.8515
https://doi.org/10.1002/advs.202002483
https://doi.org/10.1016/j.bbrc.2014.01.079
https://doi.org/10.1016/j.bbrc.2014.01.079
https://doi.org/10.1016/j.bbrc.2016.12.107
https://doi.org/10.1016/j.bbrc.2016.12.107
https://doi.org/10.1111/cas.13322
https://doi.org/10.1111/cas.13322
https://doi.org/10.1186/s12885-021-08982-3
https://doi.org/10.1111/cas.14700
https://doi.org/10.1111/cas.14700
https://doi.org/10.18632/aging.202449
https://doi.org/10.1038/s41419-019-1309-7
https://doi.org/10.1038/s41419-019-1309-7
https://doi.org/10.1186/s12885-019-5419-5
https://doi.org/10.1186/s12885-019-5419-5
https://doi.org/10.3892/or.2016.4637
https://doi.org/10.3892/or.2016.4637
https://doi.org/10.1093/abbs/gmz129
https://doi.org/10.1093/abbs/gmz129
https://doi.org/10.1186/s12967-022-03689-w


48	 Stem Cell Reviews and Reports (2024) 20:25–51

1 3

of transcription 3-mediated CD133 up-regulation contributes 
to promotion of hepatocellular carcinoma. Hepatology, 62(4), 
1160–1173. https://​doi.​org/​10.​1002/​hep.​27968

	172.	 Lai, F. B., Liu, W. T., Jing, Y. Y., Yu, G. F., Han, Z. P., Yang, 
X., Zeng, J. X., Zhang, H. J., Shi, R. Y., Li, X. Y., Pan, X. R., Li, 
R., Zhao, Q. D., Wu, M. C., Zhang, P., Liu, J. F., & Wei, L. X. 
(2016). Lipopolysaccharide supports maintaining the stemness 
of CD133(+) hepatoma cells through activation of the NF-ΚB/
HIF-1α pathway. Cancer Letters, 378(2), 131–141. https://​doi.​
org/​10.​1016/j.​canlet.​2016.​05.​014

	173.	 Rawal, P., Siddiqui, H., Hassan, M., Choudhary, M. C., Tripathi, 
D. M., Nain, V., Trehanpati, N., & Kaur, S. (2019). Endothelial 
cell-derived TGF-β promotes epithelial-mesenchymal transition 
via CD133 in HBx-infected hepatoma cells. Frontiers in Oncol-
ogy, 9, 308. https://​doi.​org/​10.​3389/​fonc.​2019.​00308

	174.	 Lv, J., Chen, F. K., Liu, C., Liu, P. J., Feng, Z. P., Jia, L., Yang, 
Z. X., Hou, F., & Deng, Z. Y. (2020). Zoledronic acid inhibits 
thyroid cancer stemness and metastasis by repressing M2-like 
tumor-associated macrophages induced wnt/β-catenin pathway. 
Life Sciences, 256, 117925. https://​doi.​org/​10.​1016/j.​lfs.​2020.​
117925

	175.	 Wang, Z., Liu, W., Wang, C., Li, Y., & Ai, Z. (2020). Acetylcho-
line promotes the self-renewal and immune escape of CD133+ 
thyroid cancer cells through activation of CD133-Akt pathway. 
Cancer Letters, 471, 116–124. https://​doi.​org/​10.​1016/j.​canlet.​
2019.​12.​009

	176.	 Liu, S., Zhang, C., Wang, B., Zhang, H., Qin, G., Li, C., Cao, 
L., Gao, Q., Ping, Y., Zhang, K., Lian, J., Zhao, Q., Wang, D., 
Zhang, Z., Zhao, X., Yang, L., Huang, L., Yang, B., & Zhang, 
Y. (2021). Regulatory T cells promote glioma cell stemness 
through TGF-β-NF-κB-IL6-STAT3 signaling. Cancer Immunol-
ogy, Immunotherapy, 70(9), 2601–2616. https://​doi.​org/​10.​1007/​
s00262-​021-​02872-0

	177.	 Panza, S., Russo, U., Giordano, F., Leggio, A., Barone, I., 
Bonofiglio, D., Gelsomino, L., Malivindi, R., Conforti, F. L., 
Naimo, G. D., Giordano, C., Catalano, S., & Andò, S. (2020). 
Leptin and notch signaling cooperate in sustaining glioblastoma 
multiforme progression. Biomolecules, 10(6), 886. https://​doi.​
org/​10.​3390/​biom1​00608​86

	178.	 Gronseth, E., Gupta, A., Koceja, C., Kumar, S., Kutty, R. G., 
Rarick, K., Wang, L., & Ramchandran, R. (2020). Astrocytes 
influence medulloblastoma phenotypes and CD133 surface 
expression. PLoS ONE, 15(7), e0235852. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02358​52

	179.	 Liu, J., Qian, B., Zhou, L., Shen, G., Tan, Y., Liu, S., Zhao, 
Z., Shi, J., Qi, W., Zhou, T., Yang, X., Gao, G., & Yang, Z. 
(2022). IL25 enhanced colitis-associated tumorigenesis in mice 
by upregulating transcription factor GLI1. Frontiers in Immunol-
ogy, 13, 837262. https://​doi.​org/​10.​3389/​fimmu.​2022.​837262

	180.	 Kim, B., Seo, Y., Kwon, J. H., Shin, Y., Kim, S., Park, S. J., 
Park, J. J., Cheon, J. H., Kim, W. H., & Il, K. T. (2021). IL-6 and 
IL-8, secreted by myofibroblasts in the tumor microenvironment, 
activate HES1 to expand the cancer stem cell population in early 
colorectal tumor. Molecular Carcinogenesis, 60(3), 188–200. 
https://​doi.​org/​10.​1002/​mc.​23283

	181.	 Buhrmann, C., Yazdi, M., Popper, B., Shayan, P., Goel, A., 
Aggarwal, B. B., & Shakibaei, M. (2018). Resveratrol chemosen-
sitizes TNF-β-induced survival of 5-FU-treated colorectal cancer 
cells. Nutrients, 10(7), 888. https://​doi.​org/​10.​3390/​nu100​70888

	182.	 Ma, X., Liu, J., Yang, X., Fang, K., Zheng, P., Liang, X., & 
Liu, J. (2020). Mesenchymal stem cells maintain the stemness 
of colon cancer stem cells via interleukin-8/mitogen-activated 
protein kinase signaling pathway. Experimental Biology and 
Medicine (Maywood, N.J.), 245(6), 562–575. https://​doi.​org/​10.​
1177/​15353​70220​910690

	183.	 Zheng, S. M., Chen, H., Sha, W. H., Chen, X. F., Yin, J. B., 
Zhu, X. B., Zheng, Z. W., & Ma, J. (2022). Oxidized low-density 
lipoprotein stimulates CD206 positive macrophages upregulating 
CD44 and CD133 expression in colorectal cancer with high-fat 
diet. World Journal of Gastroenterology, 28(34), 4993–5006. 
https://​doi.​org/​10.​3748/​wjg.​v28.​i34.​4993

	184.	 Wang, L., Choi, H. S., Su, Y., Lee, B., Song, J. J., Jang, Y. S., & 
Seo, J. W. (2021). 7S,15R-dihydroxy-16S,17S-epoxy-docosap-
entaenoic acid, a novel DHA epoxy derivative, inhibits colorec-
tal cancer stemness through repolarization of tumor-associated 
macrophage functions and the ROS/STAT3 signaling pathway. 
Antioxidants (Basel)., 10(9), 1459. https://​doi.​org/​10.​3390/​antio​
x1009​1459

	185.	 Xiang, T., Long, H., He, L., Han, X., Lin, K., Liang, Z., Zhuo, 
W., Xie, R., & Zhu, B. (2015). Interleukin-17 produced by tumor 
microenvironment promotes self-renewal of CD133+ cancer 
stem-like cells in ovarian cancer. Oncogene, 34(2), 165–176. 
https://​doi.​org/​10.​1038/​onc.​2013.​537

	186.	 Ning, Y., Cui, Y., Li, X., Cao, X., Chen, A., Xu, C., Cao, J., & 
Luo, X. (2018). Co-culture of ovarian cancer stem-like cells with 
macrophages induced SKOV3 cells stemness via IL-8/STAT3 
signaling. Biomedicine & Pharmacotherapy, 103, 262–271. 
https://​doi.​org/​10.​1016/j.​biopha.​2018.​04.​022

	187.	 Pradhan, R., Chatterjee, S., Hembram, K. C., Sethy, C., Mandal, 
M., & Kundu, C. N. (2021). Nano formulated resveratrol inhibits 
metastasis and angiogenesis by reducing inflammatory cytokines 
in oral cancer cells by targeting tumor associated macrophages. 
Journal of Nutritional Biochemistry, 92, 108624. https://​doi.​org/​
10.​1016/j.​jnutb​io.​2021.​108624

	188.	 Pradhan, R., Paul, S., Das, B., Sinha, S., Dash, S. R., Mandal, 
M., & Kundu, C. N. (2023). Resveratrol nanoparticle attenu-
ates metastasis and angiogenesis by deregulating inflammatory 
cytokines through inhibition of CAFs in oral cancer by CXCL-
12/IL-6-dependent pathway. Journal of Nutritional Biochemistry, 
113, 109257. https://​doi.​org/​10.​1016/j.​jnutb​io.​2022.​109257

	189.	 Kesh, K., Garrido, V. T., Dosch, A., Durden, B., Gupta, V. K., 
Sharma, N. S., Lyle, M., Nagathihalli, N., Merchant, N., Saluja, 
A., & Banerjee, S. (2020). Stroma secreted IL6 selects for “stem-
like” population and alters pancreatic tumor microenvironment 
by reprogramming metabolic pathways. Cell Death & Disease, 
11(11), 967. https://​doi.​org/​10.​1038/​s41419-​020-​03168-4

	190.	 Kesh, K., Mendez, R., Mateo-Victoriano, B., Garrido, V. T., Dur-
den, B., Gupta, V. K., Oliveras Reyes, A., Merchant, N., Datta, 
J., Banerjee, S., & Banerjee, S. (2022). Obesity enriches for 
tumor protective microbial metabolites and treatment refractory 
cells to confer therapy resistance in PDAC. Gut Microbes, 14(1), 
2096328. https://​doi.​org/​10.​1080/​19490​976.​2022.​20963​28

	191.	 Lin, W. H., Chang, Y. W., Hong, M. X., Hsu, T. C., Lee, K. C., 
Lin, C., & Lee, J. L. (2021). STAT3 phosphorylation at Ser727 
and Tyr705 differentially regulates the EMT-MET switch and 
cancer metastasis. Oncogene, 40(4), 791–805. https://​doi.​org/​10.​
1038/​s41388-​020-​01566-8

	192.	 Zhou, Y., Su, Y., Zhu, H., Wang, X., Li, X., Dai, C., Xu, C., 
Zheng, T., Mao, C., & Chen, D. (2019). Interleukin-23 recep-
tor signaling mediates cancer dormancy and radioresistance in 
human esophageal squamous carcinoma cells via the Wnt/notch 
pathway. Journal of Molecular Medicine (Berlin, Germany), 
97(2), 177–188. https://​doi.​org/​10.​1007/​s00109-​018-​1724-8

	193.	 Yang, Z., Guo, L., Liu, D., Sun, L., Chen, H., Deng, Q., Liu, 
Y., Yu, M., Ma, Y., Guo, N., & Shi, M. (2015). Acquisition of 
resistance to trastuzumab in gastric cancer cells is associated 
with activation of IL-6/STAT3/Jagged-1/Notch positive feedback 
loop. Oncotarget, 6(7), 5072–87. https://​doi.​org/​10.​18632/​oncot​
arget.​3241

	194.	 Konishi, H., Asano, N., Imatani, A., Kimura, O., Kondo, Y., Jin, 
X., Kanno, T., Hatta, W., Ara, N., Asanuma, K., Koike, T., & 

https://doi.org/10.1002/hep.27968
https://doi.org/10.1016/j.canlet.2016.05.014
https://doi.org/10.1016/j.canlet.2016.05.014
https://doi.org/10.3389/fonc.2019.00308
https://doi.org/10.1016/j.lfs.2020.117925
https://doi.org/10.1016/j.lfs.2020.117925
https://doi.org/10.1016/j.canlet.2019.12.009
https://doi.org/10.1016/j.canlet.2019.12.009
https://doi.org/10.1007/s00262-021-02872-0
https://doi.org/10.1007/s00262-021-02872-0
https://doi.org/10.3390/biom10060886
https://doi.org/10.3390/biom10060886
https://doi.org/10.1371/journal.pone.0235852
https://doi.org/10.1371/journal.pone.0235852
https://doi.org/10.3389/fimmu.2022.837262
https://doi.org/10.1002/mc.23283
https://doi.org/10.3390/nu10070888
https://doi.org/10.1177/1535370220910690
https://doi.org/10.1177/1535370220910690
https://doi.org/10.3748/wjg.v28.i34.4993
https://doi.org/10.3390/antiox10091459
https://doi.org/10.3390/antiox10091459
https://doi.org/10.1038/onc.2013.537
https://doi.org/10.1016/j.biopha.2018.04.022
https://doi.org/10.1016/j.jnutbio.2021.108624
https://doi.org/10.1016/j.jnutbio.2021.108624
https://doi.org/10.1016/j.jnutbio.2022.109257
https://doi.org/10.1038/s41419-020-03168-4
https://doi.org/10.1080/19490976.2022.2096328
https://doi.org/10.1038/s41388-020-01566-8
https://doi.org/10.1038/s41388-020-01566-8
https://doi.org/10.1007/s00109-018-1724-8
https://doi.org/10.18632/oncotarget.3241
https://doi.org/10.18632/oncotarget.3241


49Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

Shimosegawa, T. (2016). Notch1 directly induced CD133 expres-
sion in human diffuse type gastric cancers. Oncotarget, 7(35), 
56598–56607. https://​doi.​org/​10.​18632/​oncot​arget.​10967

	195.	 Sansone, P., Berishaj, M., Rajasekhar, V. K., Ceccarelli, C., 
Chang, Q., Strillacci, A., Savini, C., Shapiro, L., Bowman, R. 
L., Mastroleo, C., De Carolis, S., Daly, L., Benito-Martin, A., 
Perna, F., Fabbri, N., Healey, J. H., Spisni, E., Cricca, M., Lyden, 
D., … Bromberg, J. (2017). Evolution of cancer stem-like cells 
in endocrine-resistant metastatic breast cancers is mediated by 
stromal microvesicles. Cancer Research, 77(8), 1927–1941. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​16-​2129.​Errat​um.​In:​
Cance​rRes.​2017;​77(19):​5438

	196.	 Candelaria, P. V., Rampoldi, A., Harbuzariu, A., & Gonzalez-
Perez, R. R. (2017). Leptin signaling and cancer chemoresist-
ance: Perspectives. World Journal of Clinical Oncology, 8(2), 
106–119. https://​doi.​org/​10.​5306/​wjco.​v8.​i2.​106

	197.	 Duprat, F., Robles, C., Castillo, M. P., Rivas, Y., Mondaca, M., 
Jara, N., Roa, F., Bertinat, R., Toledo, J., Paz, C., & González-
Chavarría, I. (2023). LOX-1 activation by oxLDL induces AR 
and AR-V7 expression via NF-κB and STAT3 signaling path-
ways reducing enzalutamide cytotoxic effects. International 
Journal of Molecular Sciences, 24(6), 5082. https://​doi.​org/​
10.​3390/​ijms2​40650​82

	198.	 Bie, Q., Sun, C., Gong, A., Li, C., Su, Z., Zheng, D., Ji, X., 
Wu, Y., Guo, Q., Wang, S., & Xu, H. (2016). Non-tumor tis-
sue derived interleukin-17B activates IL-17RB/AKT/β-catenin 
pathway to enhance the stemness of gastric cancer. Science and 
Reports, 6, 25447. https://​doi.​org/​10.​1038/​srep2​5447

	199.	 Yan, G. N., Yang, L., Lv, Y. F., Shi, Y., Shen, L. L., Yao, X. H., 
Guo, Q. N., Zhang, P., Cui, Y. H., Zhang, X., Bian, X. W., & 
Guo, D. Y. (2014). Endothelial cells promote stem-like pheno-
type of glioma cells through activating the hedgehog pathway. 
The Journal of Pathology, 234(1), 11–22. https://​doi.​org/​10.​
1002/​path.​4349

	200.	 Lv, J., Feng, Z. P., Chen, F. K., Liu, C., Jia, L., Liu, P. J., Yang, 
C. Z., Hou, F., & Deng, Z. Y. (2021). M2-like tumor-associated 
macrophages-secreted Wnt1 and Wnt3a promotes dedifferen-
tiation and metastasis via activating β-catenin pathway in thy-
roid cancer. Molecular Carcinogenesis, 60(1), 25–37. https://​
doi.​org/​10.​1002/​mc.​23268

	201.	 Cao, X., Liu, L., Cao, X., Cui, Y., Zou, C., Chen, A., Qiu, Y., 
Quan, M., Ren, K., Chen, X., & Cao, J. (2020). The DNMT1/
miR-34a/FOXM1 Axis contributes to stemness of liver cancer 
cells. Journal of Oncology, 2020, 8978930. https://​doi.​org/​10.​
1155/​2020/​89789​30

	202.	 Kalathil, D., John, S., & Nair, A. S. (2021). FOXM1 and can-
cer: faulty cellular signaling derails homeostasis. Frontiers 
in Oncology, 10, 626836. https://​doi.​org/​10.​3389/​fonc.​2020.​
626836

	203.	 Sher, G., Masoodi, T., Patil, K., Akhtar, S., Kuttikrishnan, S., 
Ahmad, A., & Uddin, S. (2022). Dysregulated FOXM1 signal-
ing in the regulation of cancer stem cells. Seminars in Cancer 
Biology, 86(Pt 3), 107–121. https://​doi.​org/​10.​1016/j.​semca​ncer.​
2022.​07.​009

	204.	 Fu, Y., Bai, C., Wang, S., Chen, D., Zhang, P., Wei, H., Rong, F., 
Zhang, C., Chen, S., & Wang, Z. (2023). AKT1 phosphorylates 
RBM17 to promote Sox2 transcription by modulating alterna-
tive splicing of FOXM1 to enhance cancer stem cell properties 
in colorectal cancer cells. The FASEB Journal, 37(1), e22707. 
https://​doi.​org/​10.​1096/​fj.​20220​1255R

	205.	 Wei, Y., Shi, D., Liang, Z., Liu, Y., Li, Y., Xing, Y., Liu, W., Ai, 
Z., Zhuang, J., Chen, X., Gao, Q., & Jiang, J. (2019). IL-17A 
secreted from lymphatic endothelial cells promotes tumorigen-
esis by upregulation of PD-L1 in hepatoma stem cells. Journal 
of Hepatology, 71(6), 1206–1215. https://​doi.​org/​10.​1016/j.​jhep.​
2019.​08.​034

	206.	 Liang, Z., Wu, B., Ji, Z., Liu, W., Shi, D., Chen, X., Wei, Y., & 
Jiang, J. (2021). The binding of LDN193189 to CD133 C-ter-
minus suppresses the tumorigenesis and immune escape of liver 
tumor-initiating cells. Cancer Letters, 513, 90–100. https://​doi.​
org/​10.​1016/j.​canlet.​2021.​05.​003

	207.	 Hu, J., Shi, B., Liu, X., Jiang, M., Yuan, C., Jiang, B., Song, Y., 
Zeng, Y., & Wang, G. (2018). The activation of Toll-like receptor 
4 reverses tumor differentiation in human glioma U251 cells via 
Notch pathway. International Immunopharmacology, 64, 33–41. 
https://​doi.​org/​10.​1016/j.​intimp.​2018.​08.​019

	208.	 Yuan, Z., Liang, X., Zhan, Y., Wang, Z., Xu, J., Qiu, Y., Wang, 
J., Cao, Y., Le, V. M., Ly, H. T., Xu, J., Li, W., Yin, P., & Xu, 
K. (2020). Targeting CD133 reverses drug-resistance via the 
AKT/NF-κB/MDR1 pathway in colorectal cancer. British Jour-
nal of Cancer, 122(9), 1342–1353. https://​doi.​org/​10.​1038/​
s41416-​020-​0783-0

	209.	 Zhan, Y., Qiu, Y., Wang, H., Wang, Z., Xu, J., Fan, G., Xu, J., 
Li, W., Cao, Y., Le, V. M., Ly, H. T., Yuan, Z., Xu, K., & Yin, 
P. (2020). Bufalin reverses multidrug resistance by regulating 
stemness through the CD133/nuclear factor-κB/MDR1 pathway 
in colorectal cancer. Cancer Science, 111(5), 1619–1630. https://​
doi.​org/​10.​1111/​cas.​14345

	210.	 Simbulan-Rosenthal, C. M., Haribabu, Y., Vakili, S., Kuo, L. W., 
Clark, H., Dougherty, R., Alobaidi, R., Carney, B., Sykora, P., 
& Rosenthal, D. S. (2022). Employing CRISPR-Cas9 to gener-
ate CD133 synthetic lethal melanoma stem cells. International 
Journal of Molecular Sciences, 23(4), 2333. https://​doi.​org/​10.​
3390/​ijms2​30423​33

	211.	 Jamal, S. M. E., Alamodi, A., Wahl, R. U., Grada, Z., Shareef, 
M. A., Hassan, S. Y., Murad, F., Hassan, S. L., Santourlidis, 
S., Gomez, C. R., Haikel, Y., Megahed, M., & Hassan, M. 
(2020). Melanoma stem cell maintenance and chemo-resist-
ance are mediated by CD133 signal to PI3K-dependent path-
ways. Oncogene, 39(32), 5468–5478. https://​doi.​org/​10.​1038/​
s41388-​020-​1373-6

	212.	 Zhu, Y., Yu, J., Wang, S., Lu, R., Wu, J., & Jiang, B. (2014). 
Overexpression of CD133 enhances chemoresistance to 5-fluo-
rouracil by activating the PI3K/Akt/p70S6K pathway in gastric 
cancer cells. Oncology Reports, 32(6), 2437–2444. https://​doi.​
org/​10.​3892/​or.​2014.​3488

	213.	 Song, S., Pei, G., Du, Y., Wu, J., Ni, X., Wang, S., Jiang, B., 
Luo, M., & Yu, J. (2018). Interaction between CD133 and PI3K-
p85 promotes chemoresistance in gastric cancer cells. American 
Journal of Translational Research, 10(1), 304–314.

	214.	 Aghajani, M., Mokhtarzadeh, A., Aghebati-Maleki, L., Man-
soori, B., Mohammadi, A., Safaei, S., Asadzadeh, Z., Hajiasghar-
zadeh, K., Khaze Shahgoli, V., & Baradaran, B. (2020). CD133 
suppression increases the sensitivity of prostate cancer cells to 
paclitaxel. Molecular Biology Reports, 47(5), 3691–3703. https://​
doi.​org/​10.​1007/​s11033-​020-​05411-9

	215.	 Park, E. K., Lee, J. C., Park, J. W., Bang, S. Y., Yi, S. A., Kim, B. 
K., Park, J. H., Kwon, S. H., You, J. S., Nam, S. W., Cho, E. J., & 
Han, J. W. (2015). Transcriptional repression of cancer stem cell 
marker CD133 by tumor suppressor p53. Cell Death & Disease, 
6(11), e1964. https://​doi.​org/​10.​1038/​cddis.​2015.​313

	216.	 Asadzadeh, Z., Mansoori, B., Mohammadi, A., Kazemi, T., 
Mokhtarzadeh, A., Shanehbandi, D., Hemmat, N., Derakhshani, 
A., Brunetti, O., Safaei, S., Aghajani, M., Najafi, S., Silvestris, 
N., & Baradaran, B. (2021). The combination effect of Prominin1 
(CD133) suppression and oxaliplatin treatment in colorectal 
cancer therapy. Biomedicine & Pharmacotherapy, 137, 111364. 
https://​doi.​org/​10.​1016/j.​biopha.​2021.​111364

	217.	 Hou, J., Zhao, N., Zhu, P., Chang, J., Du, Y., & Shen, W. (2020). 
Irradiated mesenchymal stem cells support stemness maintenance 
of hepatocellular carcinoma stem cells through Wnt/β-catenin 

https://doi.org/10.18632/oncotarget.10967
https://doi.org/10.1158/0008-5472.CAN-16-2129.Erratum.In:CancerRes.2017;77(19):5438
https://doi.org/10.1158/0008-5472.CAN-16-2129.Erratum.In:CancerRes.2017;77(19):5438
https://doi.org/10.5306/wjco.v8.i2.106
https://doi.org/10.3390/ijms24065082
https://doi.org/10.3390/ijms24065082
https://doi.org/10.1038/srep25447
https://doi.org/10.1002/path.4349
https://doi.org/10.1002/path.4349
https://doi.org/10.1002/mc.23268
https://doi.org/10.1002/mc.23268
https://doi.org/10.1155/2020/8978930
https://doi.org/10.1155/2020/8978930
https://doi.org/10.3389/fonc.2020.626836
https://doi.org/10.3389/fonc.2020.626836
https://doi.org/10.1016/j.semcancer.2022.07.009
https://doi.org/10.1016/j.semcancer.2022.07.009
https://doi.org/10.1096/fj.202201255R
https://doi.org/10.1016/j.jhep.2019.08.034
https://doi.org/10.1016/j.jhep.2019.08.034
https://doi.org/10.1016/j.canlet.2021.05.003
https://doi.org/10.1016/j.canlet.2021.05.003
https://doi.org/10.1016/j.intimp.2018.08.019
https://doi.org/10.1038/s41416-020-0783-0
https://doi.org/10.1038/s41416-020-0783-0
https://doi.org/10.1111/cas.14345
https://doi.org/10.1111/cas.14345
https://doi.org/10.3390/ijms23042333
https://doi.org/10.3390/ijms23042333
https://doi.org/10.1038/s41388-020-1373-6
https://doi.org/10.1038/s41388-020-1373-6
https://doi.org/10.3892/or.2014.3488
https://doi.org/10.3892/or.2014.3488
https://doi.org/10.1007/s11033-020-05411-9
https://doi.org/10.1007/s11033-020-05411-9
https://doi.org/10.1038/cddis.2015.313
https://doi.org/10.1016/j.biopha.2021.111364


50	 Stem Cell Reviews and Reports (2024) 20:25–51

1 3

signaling pathway. Cell & Bioscience, 10, 93. https://​doi.​org/​10.​
1186/​s13578-​020-​00449-5

	218.	 Xiang, X., Ma, H. Z., Chen, Y. Q., Zhang, D. Z., Ma, S. X., 
Wang, H. J., Liu, D. M., Yuan, Y., & Cai, H. (2022). GM-CSF-
miRNA-Jak2/Stat3 signaling mediates chemotherapy-induced 
cancer cell stemness in gastric cancer. Frontiers in Pharmacol-
ogy, 13, 855351. https://​doi.​org/​10.​3389/​fphar.​2022.​855351

	219.	 Lv, Y., Cang, W., Li, Q., Liao, X., Zhan, M., Deng, H., Li, S., Jin, 
W., Pang, Z., Qiu, X., Zhao, K., Chen, G., Qiu, L., & Huang, L. 
(2019). Erlotinib overcomes paclitaxel-resistant cancer stem cells 
by blocking the EGFR-CREB/GRβ-IL-6 axis in MUC1-positive 
cervical cancer. Oncogenesis, 8(12), 70. https://​doi.​org/​10.​1038/​
s41389-​019-​0179-2

	220.	 Ouyang, Y., Liu, K., Hao, M., Zheng, R., Zhang, C., Wu, Y., 
Zhang, X., Li, N., Zheng, J., & Chen, D. (2016). Radiofre-
quency ablation-increased CXCL10 is associated with earlier 
recurrence of hepatocellular carcinoma by promoting stemness. 
Tumour Biology, 37(3), 3697–3704. https://​doi.​org/​10.​1007/​
s13277-​015-​4035-5

	221.	 Liu, K., Hao, M., Ouyang, Y., Zheng, J., & Chen, D. (2017). 
CD133+ cancer stem cells promoted by VEGF accelerate the 
recurrence of hepatocellular carcinoma. Science and Reports, 7, 
41499. https://​doi.​org/​10.​1038/​srep4​1499

	222.	 Kong, J., Kong, J., Pan, B., Ke, S., Dong, S., Li, X., Zhou, A., 
Zheng, L., & Sun, W. B. (2012). Insufficient radiofrequency abla-
tion promotes angiogenesis of residual hepatocellular carcinoma 
via HIF-1α/VEGFA. PLoS ONE, 7(5), e37266. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00372​66

	223.	 Adini, A., Adini, I., Ghosh, K., Benny, O., Pravda, E., Hu, R., 
Luyindula, D., & D’Amato, R. J. (2013). The stem cell marker 
prominin-1/CD133 interacts with vascular endothelial growth 
factor and potentiates its action. Angiogenesis, 16(2), 405–416. 
https://​doi.​org/​10.​1007/​s10456-​012-​9323-8

	224.	 Kang, R., Zhang, Q., Zeh, H. J., 3rd., Lotze, M. T., & Tang, D. 
(2013). HMGB1 in cancer: Good, bad, or both? Clinical Cancer 
Research, 19(15), 4046–4057. https://​doi.​org/​10.​1158/​1078-​
0432.​CCR-​13-​0495

	225.	 He, S., Cheng, J., Sun, L., Wang, Y., Wang, C., Liu, X., Zhang, 
Z., Zhao, M., Luo, Y., Tian, L., Li, C., & Huang, Q. (2018). 
HMGB1 released by irradiated tumor cells promotes living tumor 
cell proliferation via paracrine effect. Cell Death & Disease, 
9(6), 648. https://​doi.​org/​10.​1038/​s41419-​018-​0626-6

	226.	 Zhang, L., Shi, H., Chen, H., Gong, A., Liu, Y., Song, L., Xu, X., 
You, T., Fan, X., Wang, D., Cheng, F., & Zhu, H. (2019). Dedif-
ferentiation process driven by radiotherapy-induced HMGB1/
TLR2/YAP/HIF-1α signaling enhances pancreatic cancer 
stemness. Cell Death & Disease, 10(10), 724. https://​doi.​org/​
10.​1038/​s41419-​019-​1956-8

	227.	 Gao, X. Y., Zang, J., Zheng, M. H., Zhang, Y. F., Yue, K. Y., 
Cao, X. L., Cao, Y., Li, X. X., Han, H., Jiang, X. F., & Liang, L. 
(2021). Temozolomide treatment induces HMGB1 to promote 
the formation of glioma stem cells via the TLR2/NEAT1/Wnt 
pathway in glioblastoma. Frontiers in Cell and Developmental 
Biology, 9, 620883. https://​doi.​org/​10.​3389/​fcell.​2021.​620883

	228.	 Zhang, M., Weng, W., Zhang, Q., Wu, Y., Ni, S., Tan, C., Xu, 
M., Sun, H., Liu, C., Wei, P., & Du, X. (2018). The lncRNA 
NEAT1 activates Wnt/β-catenin signaling and promotes colo-
rectal cancer progression via interacting with DDX5. Journal of 
Hematology & Oncology, 11(1), 113. https://​doi.​org/​10.​1186/​
s13045-​018-​0656-7

	229.	 Yan, H., Wang, Z., Sun, Y., Hu, L., & Bu, P. (2021). Cytoplasmic 
NEAT1 suppresses AML stem cell self-renewal and leukemo-
genesis through inactivation of Wnt signaling. Advanced Science 
(Weinh), 8(22), e2100914. https://​doi.​org/​10.​1002/​advs.​20210​
0914

	230.	 Zhou, Z., Ren, X., Zheng, L., Li, A., & Zhou, W. (2022). 
LncRNA NEAT1 stabilized Wnt3a via U2AF2 and activated 
Wnt/β-catenin pathway to alleviate ischemia stroke induced 
injury. Brain Research, 1788, 147921. https://​doi.​org/​10.​1016/j.​
brain​res.​2022.​147921

	231.	 Joo, K. M., Kim, S. Y., Jin, X., Song, S. Y., Kong, D. S., Lee, J. 
I., Jeon, J. W., Kim, M. H., Kang, B. G., Jung, Y., Jin, J., Hong, S. 
C., Park, W. Y., Lee, D. S., Kim, H., & Nam, D. H. (2008). Clini-
cal and biological implications of CD133-positive and CD133-
negative cells in glioblastomas. Laboratory Investigation, 88(8), 
808–815. https://​doi.​org/​10.​1038/​labin​vest.​2008.​57

	232.	 Navarro-Alvarez, N., Kondo, E., Kawamoto, H., Hassan, W., 
Yuasa, T., Kubota, Y., Seita, M., Nakahara, H., Hayashi, T., 
Nishikawa, Y., Hassan, R. A., Javed, S. M., Noguchi, H., Matsu-
moto, S., Nakaji, S., Tanaka, N., Kobayashi, N., & Soto-Gutier-
rez, A. (2010). Isolation and propagation of a human CD133(-) 
colon tumor-derived cell line with tumorigenic and angiogenic 
properties. Cell Transplantation, 19(6), 865–877. https://​doi.​org/​
10.​3727/​09636​8910X​508997

	233.	 Innes, J. A., Lowe, A. S., Fonseca, R., Aley, N., El-Hassan, T., 
Constantinou, M., Lau, J., Eddaoudi, A., Marino, S., & Brand-
ner, S. (2022). Phenotyping clonal populations of glioma stem 
cell reveals a high degree of plasticity in response to changes of 
microenvironment. Laboratory Investigation, 102(2), 172–184. 
https://​doi.​org/​10.​1038/​s41374-​021-​00695-2

	234.	 Han, Y., Sun, B., Cai, H., & Xuan, Y. (2021). Simultaneously 
target of normal and stem cells-like gastric cancer cells via cispl-
atin and anti-CD133 CAR-T combination therapy. Cancer Immu-
nology, Immunotherapy, 70(10), 2795–2803. https://​doi.​org/​10.​
1007/​s00262-​021-​02891-x

	235.	 Prasad, S., Gaedicke, S., Machein, M., Mittler, G., Braun, F., 
Hettich, M., Firat, E., Klingner, K., Schüler, J., Wider, D., Wäsch, 
R. M., Herold-Mende, C., Elsässer-Beile, U., & Niedermann, 
G. (2015). Effective eradication of glioblastoma stem cells by 
local application of an AC133/CD133-specific T-cell-engaging 
antibody and CD8 T cells. Cancer Research, 75(11), 2166–2176. 
https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​14-​2415

	236.	 Koerner, S. P., André, M. C., Leibold, J. S., Kousis, P. C., Kübler, 
A., Pal, M., Haen, S. P., Bühring, H. J., Grosse-Hovest, L., Jung, 
G., & Salih, H. R. (2017). An Fc-optimized CD133 antibody 
for induction of NK cell reactivity against myeloid leukemia. 
Leukemia, 31(2), 459–469. https://​doi.​org/​10.​1038/​leu.​2016.​194

	237.	 Do, A. S. S., Amano, T., Edwards, L. A., Zhang, L., De Peralta-
Venturina, M., & Yu, J. S. (2020). CD133 mRNA-loaded den-
dritic cell vaccination abrogates glioma stem cell propagation 
in humanized glioblastoma mouse model. Molecular Therapy 
- Oncolytics, 18, 295–303. https://​doi.​org/​10.​1016/j.​omto.​2020.​
06.​019

	238.	 Tay, A. S. S., Amano, T., Edwards, L. A., & Yu, J. S. (2021). 
CD133 mRNA-transfected dendritic cells induce coordinated 
cytotoxic and helper T cell responses against breast cancer stem 
cells. Molecular Therapy - Oncolytics, 22, 64–71. https://​doi.​org/​
10.​1016/j.​omto.​2021.​05.​006

	239.	 Alibolandi, M., Abnous, K., Anvari, S., Mohammadi, M., 
Ramezani, M., & Taghdisi, S. M. (2018). (2018) CD133-targeted 
delivery of self-assembled PEGylated carboxymethylcellulose-
SN38 nanoparticles to colorectal cancer. Artificial Cells, Nano-
medicine, and Biotechnology, 46(sup1), 1159–1169. https://​doi.​
org/​10.​1080/​21691​401.​2018.​14469​69

	240.	 Yan, S., Tang, D., Hong, Z., Wang, J., Yao, H., Lu, L., Yi, H., 
Fu, S., Zheng, C., He, G., Zou, H., Hou, X., He, Q., Xiong, L., 
Li, Q., & Deng, X. (2021). CD133 peptide-conjugated pyropheo-
phorbide-a as a novel photosensitizer for targeted photodynamic 
therapy in colorectal cancer stem cells. Biomaterials Science, 
9(6), 2020–2031.

https://doi.org/10.1186/s13578-020-00449-5
https://doi.org/10.1186/s13578-020-00449-5
https://doi.org/10.3389/fphar.2022.855351
https://doi.org/10.1038/s41389-019-0179-2
https://doi.org/10.1038/s41389-019-0179-2
https://doi.org/10.1007/s13277-015-4035-5
https://doi.org/10.1007/s13277-015-4035-5
https://doi.org/10.1038/srep41499
https://doi.org/10.1371/journal.pone.0037266
https://doi.org/10.1371/journal.pone.0037266
https://doi.org/10.1007/s10456-012-9323-8
https://doi.org/10.1158/1078-0432.CCR-13-0495
https://doi.org/10.1158/1078-0432.CCR-13-0495
https://doi.org/10.1038/s41419-018-0626-6
https://doi.org/10.1038/s41419-019-1956-8
https://doi.org/10.1038/s41419-019-1956-8
https://doi.org/10.3389/fcell.2021.620883
https://doi.org/10.1186/s13045-018-0656-7
https://doi.org/10.1186/s13045-018-0656-7
https://doi.org/10.1002/advs.202100914
https://doi.org/10.1002/advs.202100914
https://doi.org/10.1016/j.brainres.2022.147921
https://doi.org/10.1016/j.brainres.2022.147921
https://doi.org/10.1038/labinvest.2008.57
https://doi.org/10.3727/096368910X508997
https://doi.org/10.3727/096368910X508997
https://doi.org/10.1038/s41374-021-00695-2
https://doi.org/10.1007/s00262-021-02891-x
https://doi.org/10.1007/s00262-021-02891-x
https://doi.org/10.1158/0008-5472.CAN-14-2415
https://doi.org/10.1038/leu.2016.194
https://doi.org/10.1016/j.omto.2020.06.019
https://doi.org/10.1016/j.omto.2020.06.019
https://doi.org/10.1016/j.omto.2021.05.006
https://doi.org/10.1016/j.omto.2021.05.006
https://doi.org/10.1080/21691401.2018.1446969
https://doi.org/10.1080/21691401.2018.1446969


51Stem Cell Reviews and Reports (2024) 20:25–51	

1 3

	241.	 Jing, H., Weidensteiner, C., Reichardt, W., Gaedicke, S., Zhu, X., 
Grosu, A. L., Kobayashi, H., & Niedermann, G. (2016). Imag-
ing and selective elimination of glioblastoma stem cells with 
theranostic near-infrared-labeled CD133-specific antibodies. 
Theranostics, 6(6), 862–874. https://​doi.​org/​10.​7150/​thno.​12890

	242.	 Feldman, E. J., Brandwein, J., Stone, R., Kalaycio, M., Moore, 
J., O’Connor, J., Wedel, N., Roboz, G. J., Miller, C., Chopra, R., 
Jurcic, J. C., Brown, R., Ehmann, W. C., Schulman, P., Frankel, 
S. R., De Angelo, D., & Scheinberg, D. (2005). Phase III rand-
omized multicenter study of a humanized anti-CD33 monoclonal 

antibody, lintuzumab, in combination with chemotherapy, versus 
chemotherapy alone in patients with refractory or first-relapsed 
acute myeloid leukemia. Journal of Clinical Oncology, 23(18), 
4110–4116. https://​doi.​org/​10.​1200/​JCO.​2005.​09.​133

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.7150/thno.12890
https://doi.org/10.1200/JCO.2005.09.133

	Functional Roles of CD133: More than Stemness Associated Factor Regulated by the Microenvironment
	Abstract
	Introduction
	CD133: Structure, Localization, and Posttranslational Modifications
	Regulation of CD133 Stability
	CD133 Epigenetic Regulation

	CD133 Biological Function (Signaling Pathways)
	CD133-PI3KAkt Signaling
	CD133- Src Signaling
	CD133- β-catenin Signaling
	CD133- Smad Signaling
	CD133- Hedgehog Signaling
	CD133 and Autophagy
	Maintenance and Formation of Protrusions

	CD133 Modulation by Microenvironment
	Regulation by Hypoxia
	Reactive Oxygen Species (ROS)
	Extracellular Matrix
	Regulation by Tumor Associated Cells
	Cytotoxic Stress (Chemotherapy and Radiotherapy)

	Conclusions and Perspectives for Therapeutic Strategies
	Acknowledgements 
	References


