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Introduction

Prominin-1 (Proml, a.k.a. cluster of differentiation (CD)133; hereafter, CD133 refers
to the mammalian molecule) has attracted global interest in the fields of regenerative
medicine and oncology, as its expression on the cell surface allows the identification and
isolation of stem cells and cancer stem cells (CSCs). In 1997, the discovery of CD133
was reported by two independent research teams studying the cell biology of murine
neuroepithelial progenitor cells [1] and the surface markers of human hematopoietic
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stem and progenitor cells (HSPCs) [2, 3]. Soon after, CD133 protein was detected in fully
differentiated cells and cancer cells in both rodents and humans, demonstrating that its
expression is not restricted to stem and progenitor cell populations [1, 4—10].

Murine CD133 was originally cloned using a cDNA library prepared from adult kidney
[1], while the human ortholog was obtained from retinoblastoma cell lines [3]. Indeed,
CD133 is highly expressed in the proximal tubules of the kidney and other epithelial
cells in embryonic and adult tissues, where it is expressed solely on the apical domain of
polarized cells [1, 7, 11, 12]. CD133 expression has also been identified in the epithelial
cells of the epididymal tract, where sperm maturation occurs [10, 13, 14], and in various
glands [15-17], such as mammary glands [11, 17, 18], liver [17, 19, 20], pancreas [17,
21] and salivary glands [22-24]. Of note, differentiated nonepithelial cells, particularly
photoreceptor cells [8, 23, 25] and glial cells [26], also express CD133, indicating that
CD133 plays a general role that is not necessarily linked to a particular condition (e.g.,
cell stemness or differentiation status) or specific cellular type (epithelial versus nonepi-
thelial) [27].

General interest in CD133 grew exponentially after 2003 when Dirks and colleagues,
and others, reported its expression in tumor brain tissues and its use as a marker to iso-
late human CSCs [28-30]. These reports aroused enormous enthusiasm not only in the
field of oncology, where the CD133 expression has been correlated with cancer progres-
sion, metastasis, recurrence and poor survival [31, 32] (reviewed in Ref. [33]), but also
in that of stem cells. Since then, CD133 has been regularly used as a molecular marker/
target to isolate cells with stem cell properties in a wide range of human and murine
tissues and tumors (reviewed in Refs [27, 34]). In addition to their detection in neu-
ral and hematopoietic systems [1, 35-37], CD133" cells with stem cell properties have
been found in healthy and cancerous prostate [38—42], kidney [43—-46], liver [47-49],
pancreas [50, 51], intestine, colon [52-55], lung [56], and other organ tissues [57, 58].
CD133 was also associated with leukemic cells [3, 5, 59-62]. Importantly, in the context
of cancer and regenerative medicine, CD133 is a marker of endothelial progenitor cells
that could contribute to tumor vasculature in cancer and tissue regeneration upon injury
[63—-69]. It cannot be excluded that CD133 plays a role in facultative stem cells, i.e., fully
differentiated cells that exhibit stem and progenitor activities through their ability to re-
enter the cell cycle in particular tissues and/or under specific conditions [70-72]. In fact,
certain differentiated CD133™" cells (e.g., in kidney and liver) may have such ability upon
injury or in disease states [70] (reviewed in Ref. [73]). Regardless of the mechanism of
regeneration, CD133 can mark cells with stem cell properties and thus has clinical value.

The utility of CD133 as an organ-specific stem cell marker in humans and its impor-
tance for determining cancer prognosis and progression have been nonetheless called
into question [74]. This controversy stemmed in part from the apparent contradiction
between the limited expression of CD133 protein in human adult tissues, based on
immunodetection using an antibody named AC133 directed against a specific epitope
of CD133 (CD133/1) [3], and the wide expression of its transcript as detected via North-
ern blot and polymerase chain reaction analyses [2, 3, 7, 11, 17, 21, 75]. However, the
murine CD133 (both protein and transcript) has been known to be widely expressed
well beyond stem cells [1], particularly in epithelial cells (see above) and photoreceptors
[8]. The mapping of CD133 to differentiated epithelial cells using LacZ reporter-based
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mice further contributed to the debate [76]. The use of alternative antibodies against
human CD133 has confirmed its wide protein expression [11, 17, 21, 24], similar to that
of its ortholog in rodents [9, 10, 22]. Therefore, it is important to note that the AC133
immunoreactivity is not necessarily equivalent to the human CD133 protein, and a link
between CD133/1 detection and cellular status (i.e., stem cell versus differentiation)
has been proposed [11, 77]. The use of the AC133 antibody and the accessibility of the
CD133/1 epitope have been extensively discussed in the literature, and we invite readers
to consult the relevant publications [11, 15-17, 78—83].

It should be noted that stem cells are functional without CD133, as illustrated by the
various Prominin-1 (Proml1)-knockdown mouse models (reviewed in Ref. [84]) in which
no major defects are detected, except for retinal degeneration [23]; this retinal pheno-
type is consistent with the expression of CD133 in photoreceptor cells [8] (see below).
Likewise, no major phenotype, other than blindness, has been detected in patients car-
rying dominant or recessive mutations in the PROM1 gene [85], suggesting that CD133
is dispensable for general stem cell properties under physiological conditions [8, 86—88].
For example, total loss of CD133 did not affect the regenerative capacity of mammary
epithelium in Prom-17'- mice, although it did impact ductal branching and increased
the ratio of luminal to basal cells [18]. This study is in agreement with the earlier report
that transplantation of CD133-enriched murine cells from the mammary luminal cell
population demonstrated a low regenerative capacity compared with CD133-negative
fraction or basal cells, suggesting that in normal mammary tissue, CD133 is not a stem
cell marker and that its function goes beyond stem cell activity [89]. Similar conclusions
were drawn for mouse oviduct epithelial progenitors [90]. Finally, CD133 is not essen-
tial for normal hematopoiesis, as observed in Prom-1~'~ mice, but nonetheless it modi-
fies the frequencies of growth-factor responsive hematopoietic progenitor cells during
steady state and under myelotoxic stress conditions in vivo [91]. These findings suggest
that CD133 plays a redundant role in the differentiation of the mature myeloid cell pop-
ulation during hematopoiesis, yet CD133 is important for the recovery of red blood cells
after hematopoietic stress [91]. It cannot be ruled out that, in these models, a compen-
satory mechanism involving the CD133 paralog prominin-2 occurs in CD133-depleted
cells in tissues that typically express both proteins [92], which is not the case of retina
[93].

Clearly, it is time to re-examine the function of CD133, including its role in can-
cers, and translate this knowledge into new and biologically relevant CD133-based
approaches for tissue engineering, regenerative medicine and cancer therapy. Here,
we summarize the current knowledge of the molecular and cellular biology of CD133,
including its preferential association with highly curved membrane protrusions such
as microvilli and cilia as well as tunneling nanotubes (TNTs) that mediate exchange of
CD133 between interconnected stem or cancer cells. We will also discuss the role of
CD133" extracellular membrane vesicles (EVs), which have received considerable atten-
tion in recent years, and the lessons learned from studies using CD133-deficient ani-
mals and CD133-silenced human CD34" HSPCs as well as studies focused on cancers in
which CD133 is upregulated. Particular attention will be given to the impact of CD133
on various cell signaling pathways and its potential involvement in cell proliferation,
differentiation, autophagy and migration. We hope that this review will promote the
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development of future functional studies on CD133 as a molecule essential for multiple
cellular processes.

Molecular biology of CD133

Structure and splice variants

CD133 is a membrane glycoprotein with an apparent molecular mass of ~ 120 kDa, of
which N-glycans represent ~ 20 kDa, consistent with its predicted molecular weight of
97,202 Da (referring here to the human splice variant s2, see below) [1, 3, 11]. It contains
five transmembrane segments; delimiting an extracellular N-terminal domain (referred
to as EC1), two large extracellular loops (EC2 and EC3) alternating with two small intra-
cellular loops (IC1 and IC2) and an intracytoplasmic C-terminal domain (IC3). The
approximate size of each structural domain is indicated (Fig. 1a, see the corresponding
legend for more details) [22]. Eight asparagine residues in consensus N-glycosylation
sites (Asn-X-Ser/Thr-X sequons, where X is any amino acid except proline) are found in
human and murine CD133 and distributed between EC2 and EC3 [1, 3]. An additional
site, Asnyys-Glu-Thr-Pro, was shown to be glycosylated in human CD133 [94].

CD133 belongs to the prominin family of pentaspan membrane proteins [93]. Two dis-
tinct mammalian Prominin genes have been described [93, 95], while three prominin
molecules have been identified in nonmammalian species [25, 96, 97]. Two Prominin-
related genes, prominin and prominin-like, were identified in Drosophila melanogaster
[93, 98-100] and other holometabolous insects [101]. However, in contrast to prominin-
like, fly prominin has a predicted sixth transmembrane domain [101, 102]. Interestingly,
the Proml gene is duplicated in zebrafish, and the two gene products are referred to
as prominin-1la and -1b [25, 103]. Structurally related prominin-like proteins have been
identified in an amoeba, i.e., Naegleria gruberi (GenBank accession numbers JN679227.1
and JN679228.1), suggesting the expression of prominin in unicellular organisms. Inter-
estingly, amino acid sequences are poorly conserved between paralogs as well as within
one orthologous group, notably CD133/prominin-1. For example, only 60% identity
has been observed between primates and rodents, while their sequence identities with
other species (fish, amphibians, birds) are below 50%; and less than 25% with inverte-
brates (flies, worms) [25, 93, 96]. Yet, the analysis of the primary sequence of all prom-
inin molecules, regardless of the species, revealed no potential enzymatic/catalytic motif
or domain that could explain their molecular function [95].

PROM1I1/Proml genes are located on chromosome 4 and 5 in humans and mice,
respectively (see also Online Mendelian Inheritance in Man (OMIM) entry number
604365). The organization of these genes and of the PROM?2 genes (OMIN 617150) is
highly conserved in terms of exon—intron boundaries, across most of species (Fig. 1b)
[25, 93, 104, 105]. At least six alternative promoters (named P1-P6; discussed in detail
below) have been identified in the human PROMI gene. The primary transcripts may
undergo extensive alternative splicing [8, 10, 106]. Considering mammalian and non-
mammalian vertebrates, more than 20 splice variants from at least 28 exons affecting the
open reading frame (ORF) have been described [10, 25, 105]. In rodents and primates,
the resulting proteins would be from 804 to 865 amino acids in length [95]. A nomen-
clature of CD133 splice variants proposing to add a suffix “s” and number the variants
according to the chronology of publication regardless of species was presented [10, 25,
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Fig. 1 Structural features of CD133. a Membrane topology. The human CD133 protein comprises three
extracellular domains (EC1-3), an N-terminal domain (EC1) and two larger loops (EC2 and EC3) bearing nine
glycosylation sites. N-glycan structures vary with the subcellular localization of CD133 and the state of cell
differentiation, which may influence its interaction with protein partners. The intracellular domains (IC1-3)
consist of two small cytoplasmic loops (IC1-2) and the C-terminal domain (IC3). ECs and ICs are separated by
five transmembrane domains (1-5, pink cylinders). CD133 carries a cluster of cysteine residues located at the
boundary of the first transmembrane segment and the IC1 domain (dotted green line). These residues may
be subject to palmitoylation. Two potential ganglioside-binding sites are located in the EC1 and EC2 domains
(orange and yellow cylinders). Two major tyrosine (Y) residues, 828 and 852, in IC3 can be phosphorylated
and regulate the activity of several signaling pathways. Lysine (K) 138 interacts with HDAC6 and Arl13b. The
outer and inner leaflets of the plasma membrane are shown with membrane cholesterol (red), highlighting
the association of CD133 with cholesterol-dependent membrane microdomains. Amino acid numbering

is based on the human splice variant CD133.s2; the approximate number of amino acid residues in a

given domain, which may vary from one splice variant to another, is indicated in parentheses. b Genomic
organization of mammalian CD133. Vertical lines indicate exon boundaries, the dashed line the presence of
an alternative splice acceptor site, while transmembrane domains are highlighted in pink. Major facultative
exons within ORF are indicated in brackets. The exons are numbered as the initial start codon is located

in exon 2. ¢ PROMT promoters. Six distinct promoters were identified (blue boxes) in human PROM1 gene
with various facultative exons (A-E5, black boxes) that are part of exon 1. The P1-P3 promoters show high
proportion of CpG islands. The major transcription factors impacting positively or negatively on PROM1 gene
expression are indicated in green and red, respectively. Figures are not to scale. lllustration in a is adapted
from Ref [3] and incorporates data from Refs [94, 161, 209, 219], while those in panels b and ¢ are adapted
from Refs [95] and [111], respectively
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77, 104]. The majority of these splice variants differ in the N- and C-terminal domain
sequences. Splice variants s1 and s2 differ from each other by the inclusion or exclu-
sion of a small exon [numbered 4 as we refer to exon 2 as carrying the initial codon] in
ECI, respectively, while IC3 shows a greater propensity for alternative splicing of small
exons (exons 26—29), suggesting interactions with distinct extracellular and cytoplasmic
partners (Fig. 1b, see legend for more details) [10, 104]. At least 10 distinct cytoplasmic
C-termini were described [25] (reviewed in Ref. [95]). The final four C-terminal amino
acid residues in some variants exhibit the characteristics of PSD-95/Dig-1/Z0-1 (PDZ)-
binding domains (classes I-III), which is consistent with the ability of the CD133 variants
to bind various proteins [104].

The expression of CD133 splice variants is often cell- and tissue-type dependent and
may reflect its particular role in the given organ [10, 26, 34, 107]. For example, CD133.
sl is predominantly expressed in the brain tissue of mouse embryos, and its expression
decreases during brain development to barely detectable levels in the brains of adult
mice [26]. An opposite trend was observed for CD133.s3 expression in the early postna-
tal period, which correlated with the onset of neuronal myelination. This splice variant
is a component of the myelin sheath [22, 26], and hypomyelination has been observed in
Prom1I-null mice [108]. Exons splicing in the EC2 appears to impact cell surface expres-
sion and overall folding of the protein, as evidenced by the absence of the 25 residues
encoded by murine exon 10 leading to the CD133 degradation in the endoplasmic
reticulum (ER) (Fig. 1b) [10]. A 16-kDa truncated variant of the CD133 protein has also
been reported in glioblastoma cell lines [109]. Yet, the precise nature of this potential
short form would require further investigation. Importantly, the coexpression of distinct
CD133 splice variants has been reported [10], confirming the need to include system-
atic analyses of CD133 variants in future studies to unravel their potentially complex

involvement in various cellular processes.

Regulation of PROM1 gene expression

In relation to its multiple roles and differential expression in normal tissues, stem cells
and cancer cells, the transcriptional regulation of CD133 expression is complex with
human PROM1I gene being driven by six promoters [106, 110-112]. Consequently, at
least 14 distinct transcripts are generated depending on the tissue with different or
optional exons 1 (namely 1A-E) constituting the 5" untranslated region (UTR) (Fig. 1c)
[106, 111, 113]. The P1, P2 and P3 promoters of PROMI gene show high proportion
of CpG islands and are differentially methylated in normal and cancer tissues such
as glioma or colon cancer [110, 114—-117]. These promoters may also be polycomb-
repressed in acute leukemia [118] and divers cell lines [111]. The proximal P6 promoter
identified in melanoma cells was found to be enriched in binding sites for high mobility
group (HMG) proteins—nonhistone chromatin-associated proteins that are aberrantly
expressed in a variety of cancers (Fig. 1c) [111].

PROMI gene expression may also be regulated through histone modification, which
may depend on DNA hypermethylation [114, 117]. Histone H3 lysine-79 (H3K79) meth-
ylation was first identified to be a regulator of PROMI gene expression in an investi-
gation aimed at identifying targets of mixed lineage leukemia (MLL) fusion proteins
responsible for aberrant gene expression in patients with leukemia [119]. PROMI gene
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was found to be a target of the MLL fusion-associated gene AF4 (MLL-AF4) in human
colon cancer Caco-2 cells [120] and in some MLL cells [118], where its transcription is
upregulated through H3K79 methylation and the presence of an intragenic H3K79me2/3
enhancer element. Notably, polycomb-repression inactivates such enhancer. Transform-
ing growth factor (TGF)-p1 has been shown to induce the demethylation of PROM]I
promoter P1 by inhibiting the expression of DNA methyltransferase-1 and 33 (DNMT1
and DNMT3f)) in hepatoma cells, leading to a significant upregulation of CD133
[121]. Collectively, TGF-f signaling in different solid malignancies leads to the induc-
tion of stem-like characteristics [122], the epithelial-mesenchymal transition (EMT), or
increased tumorigenicity [123] and initiates the expression of CD133. The mechanisms
that regulate the interplay between TGF-f1 and CD133, thereby contributing to the
stem cell phenotype among various normal and cancer cell types, remains to be explored
in greater detail.

Interestingly, a thorough analysis of the relationship between promoter hypomethyla-
tion and increased CD133 expression in glioma revealed novel transcriptional coregu-
lators of CD133 expression, specificity protein 1 and c-MYC, which can bind only to
a hypomethylated PROM1 promoter [110]. However, although such epigenetic regula-
tion has been shown to exist in prostate cell lines, this is not the case in primary pros-
tate epithelial cultures, suggesting evidence for dysregulated CD133 expression during
long-term culture in vitro [124]. In basal-like breast carcinoma cells with p53 deficiency,
which leads to an autocrine interleukin (IL)-6 loop driving cell reprogramming, IL-6 was
found to regulate PROM I expression by inducing PROM1I P1 promoter demethylation
that resulted in enhanced transcription and, in parallel, an increased methylation of the
PROM1 P2 promoter that carries putative repressor sites [125].

Cells exposed to stresses, such as DNA damage, hypoxia, oncogene activation, or ribo-
somal stress, react by stabilizing p53, which in turn orchestrates the transcription of
genes involved in major stress response processes, i.e., cell cycle arrest, DNA repair, and
cell death [126]. The expression pattern of CD133 was reported to be inversely related
to the expression of p53 in different cancer cell lines and tumor tissue samples [127].
Noncanonical p53 binding sites were identified in the P1 promoter enabling p53 interac-
tion (Fig. 1c), which led to the recruitment of histone deacetylase (HDAC) 1 and thus
inhibition of CD133 expression due to reduced histone H3 acetylation. Interestingly, the
downregulation of CD133 was also accompanied by suppression of stemness-associated
transcription factors, such as NANOG, octamer-binding transcription factor 4 (OCT4,
also called POUS5F1), sex-determining region Y-box 2 (SOX2), and c-MYC, and reduced
cell growth and tumor formation capacity [127].

Hypoxia is a key factor in the tumor microenvironment and was shown to increase the
CD133" population in medulloblastoma and glioma cells [128, 129]. Prolonged hypoxia
exposure (i.e., 1% O, for a period of 72 h) stimulated glioblastoma cells to express CD133
and the stemness markers Kruppel-like factor 4 (KLF4) and SOX2 via a hypoxia induc-
ible factor (HIF)-1a-dependent mechanism (Fig. 2a) [130]. Interestingly, these stemness
traits as well as the significantly higher clonogenicity and capacity to form spheres dur-
ing serial passaging were maintained after normoxic conditions were restored [130]. A
similar hypoxia-induced coexpression of CD133 and HIF-1a in glioma cells has been
reported by other groups [131, 132], and it was shown to be associated with enhanced
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Fig. 2 Cell type-dependent impact of hypoxic conditions on CD133 expression. a Under hypoxic conditions
and in certain types of cancer as indicated, HIF-1a and HIF-1 are translocated into the nucleus, where they
form a heterodimeric transcription factor that binds to hypoxia-responsive elements (HRE), resulting in
increased expression of CD133 and other stemness markers (e.g., KLF4 and SOX2). Thus, hypoxia can promote
chemoresistance, invasiveness and EMT. b In gastrointestinal carcinoma cells, the induction of hypoxia either
by lowering the partial pressure of oxygen or by applying hypoxia-mimicking agents such as DFO and CoCl,
downregulates CD133 expression (black dashed arrow). Reciprocally, rapamycin-mediated inhibition of
mammalian TOR (red dashed arrow), an upstream regulator of HIF-1a signaling, results in the downregulation
of HIF-1a and elevated levels of CD133 (red arrow). lllustrations in panels a and b are based on data presented
in Refs [130] and [139], respectively, among others

chemoresistance, invasiveness, and EMT, which is in line with results obtained with cell
lines derived from pancreatic [133] and ovarian cancer samples [134]. HIF-1 is a heter-
odimeric protein that regulates tissue responses to changes in the oxygen level [135]. It
is composed of two subunits, a and B. Although HIF-1B subunit expression is consti-
tutive, HIF-1a subunit expression is regulated by the partial pressure of oxygen level.
Under normoxic conditions, the levels of HIF-1a are reduced because of proteasomal
degradation. Hypoxia induces the dimerization of HIF-1a and HIF-1p, which form a
transcription complex that recognizes E-box-like hypoxia response elements and initi-
ates the transcription of genes involved not only in cellular oxygen homeostasis but also
in pathways that coordinate cell proliferation, metabolism reprogramming, apoptosis, or
resistance to tumor therapy [135].

Elevated levels of HIF-1a and HIF-2a were shown to simulated the transcription of the
PROM 1 gene at the P5 promoter in colon cancer cells; specifically, it was initiated by the
binding of the HIF-1-Elkl complex to the E-twenty-six (ETS)-binding motif present in
P5 [113, 136]. In contrast, in lung cancer cell lines, hypoxia-induced CD133 transcrip-
tion was mainly initiated via HIF inducible-OCT4 and SOX2 binding at the P1 promoter
that is devoid of HIF-binding site [137]. Interestingly, in hepatocellular carcinoma, a
functional cooperation between IL-6/signal transducer and activator of transcription
3 (STAT3) signaling and nuclear factor kappa-light-chain-enhancer of activated B cells
and HIF-1a was reported to upregulate CD133 expression that was associated with poor
prognosis [138].

However, in addition to the positive regulation of CD133 under hypoxic conditions,
contradictory results have also been reported for different tumor types. Induction of
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hypoxia, either by lowering the partial pressure of oxygen or by applying hypoxia-mim-
icking agents [e.g., desferrioxamine (DFO) and cobalt chloride (CoCl,)] in three gastro-
intestinal carcinoma cell lines, suppressed the expression of CD133 (Fig. 2b) [139]. In
line with these findings, rapamycin-mediated inhibition of mammalian target of rapa-
mycin (TOR), an upstream positive regulator of HIF-1a signaling, resulted in down-
regulation of HIF-la and upregulation of CD133 transcription [139]. This negative
correlation between CD133 and HIF-1a expression may be tissue specific. A focus on
potential interaction partners of the HIF transcription complex in future studies may
help to decipher the mechanisms responsible for the different impacts of hypoxia on
CD133 expression.

Notchl has also been shown to control the proportion of CD1337 cells in lung adeno-
carcinoma [140] and to regulate CD133 expression in glioblastoma [141]. Konishi and
colleagues reported that in diffuse gastric cancer, CD133 expression was induced by
Notchl through the binding of the activated Notchl intracellular domain to a recombi-
nation signal binding protein for immunoglobulin kappa J region (RBP-J«)-binding motif
identified in the PROM1 gene promoter (Fig. 1c) [142]. In melanoma cell lines from both
mice and humans, Notchl also induced CD133 expression by the binding of activated
Notch1 to the Prom1/PROMI promoter [143].

The PROM1 gene promoter sequence carries a putative tandem [-catenin-T-cell fac-
tor (TCF)/lymphoid enhancer factor (LEF) complex binding sites within intron 2 that
are conserved among mammalian PROMI genes [144]. Moreover, specific inhibition of
CREB-binding protein (CBP), a coactivator of B-catenin/TCF-mediated transcription
[145], also suppressed CD133 expression at both the mRNA and protein levels in hepa-
tocellular carcinoma cells, reducing the anchorage-independent growth and colony for-
mation capacity of these cells [146]. These observations suggest that PROM1I is a Wnt
target gene, which may allow a feedback loop between CD133 and p-catenin-Wnt sign-
aling, as is discussed below.

Posttranscriptional regulation of CD133 expression by microRNAs (miRNAs) has
also been documented, and these findings are in line with CD133 expression in CSCs, as
these short noncoding RNAs play important roles in cancer initiation and progression
and in the control of signaling pathways activity [147, 148]. For instance, miR-29b down-
regulated CD133 mRNA by targeting its 3’-UTR in transfected human hepatocellular
carcinoma cells [149]. Similar observations were made in esophageal cancer cells, where
miR-377 expression was inversely correlated with CD133 expression [150]. High levels
of miR-181a inhibited CD133 in glioblastoma cells; however, whether the miRNA acted
directly or indirectly remains to be determined [151].

Interestingly, the 3’-UTR of human CD1I133 transcripts bears a noncanonical iron-
responsive element that may mediate their stabilization after the binding of cytosolic
iron-regulatory protein 1, a key controller of iron metabolism that posttranscription-
ally regulates the expression of iron metabolism genes. This possibility is in line with the
reduced CD133 protein levels observed in Caco-2 cells after treatment with iron che-
lators or iron supplementation [152]. This regulatory mechanism appears to be related
to the cholesterol-dependent negative impact of CD133 on transferrin uptake through
endocytosis observed in undifferentiated Caco-2 cells. As transferrin plays the major
role in the delivery of iron to cells via endocytosis, it may interfere with hypoxia-induced
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regulation of CD133 expression. These data justify interest in further studying the
CD133/transferrin-iron network and its potential role in endocytosis [152].

Overall, it appears that, in relation with the implication of CD133 in different biologi-
cal and pathological processes, such as cancer and degenerative diseases, numerous gene
expression regulatory mechanisms confer the diverse expression patterns of CD133.

Posttranslational modifications of CD133

In addition to alternative splicing, CD133 undergoes various posttranslational modifica-
tions that regulate its intracellular trafficking, stability and interactions with cytoplasmic
enzymes and/or other classes of proteins. One of these CD133 modifications is N-glyco-
sylation, in which differential processing of the glycan moiety can lead to distinct glyco-
sylation profiles between tissues and organs [10]. Different glycoforms may coexist in a
given tissue, but little is known about these complex structures. The terminal N-glycans
of human CD133 contain sialyl residues, which seem to regulate CD133 stability in neu-
ral stem cells and glioma-initiating cells [153]. In the mouse embryonic brain, N-glycans
of CD133 bind to Phaseolus vulgaris erythroagglutinating lectin, which allows cells with
stem cell properties to be isolated [154]. Notably, the CD133 glycosylation is altered dur-
ing early pregnancy in uterine epithelial cells under the influence of maternal ovarian
hormones [155].

Similarly, hypoxic conditions can influence the glycosylation status of CD133, as
demonstrated with pediatric glioblastoma cell lines [156]. Interestingly, the glycosyl-
transferase 8 domain containing 1 (GLT8D1) was recently shown to contribute to the
stabilization of CD133 by interacting with it and influencing its glycosylation in glioma
cells [157]. Similarly, the interaction of the high-mannose N-glycan form of CD133 with
cytoplasmic DNA methyltransferase 1 (DNMT1) maintains the slow-cycling state of
glioma stem cells, and favors chemotherapy resistance and tumorigenesis [158]. These
observations are in line with the differential glycosylation status of CD133 in relation to
cell differentiation [7, 11]. Although DNMT1 interaction is mediated by CD133 cytoplas-
mic C-terminal domain, the mechanism underlying the contribution of high-mannose
N-glycans of CD133 remains unclear. The mutation of individual N-linked glycosylation
sites in CD133 had no effect on its stability [159], although the loss of N-linked glyco-
sylation at Ans548 decreased the ability of CD133 to associate with f-catenin and acti-
vate the P-catenin signaling pathway, and thus reduced CD133-driven cell proliferation
[94].

Similar to differential splicing, alternative glycosylation patterns should be considered
when selecting specific antibodies against CD133, especially those used for its immuno-
detection in a tissue of interest. For example, N-glycosylation of human CD133 seems to
contribute to the recognition of the CD133/1 epitope on the cell surface by the AC133
antibody [159] (see above). Therefore, the use of two distinct antibodies to analyze
CD133 expression in a given tissue and/or under specific physiological and pathological
conditions is recommended [11, 17, 21-24, 83, 160].

Importantly, CD133 is also subject to other posttranslational modifications, such as
phosphorylation, ubiquitination, and acetylation [24, 161, 162]. Phosphorylation, as one
of the reversible posttranslational modifications, is essential for the regulation of protein
functions in cell signaling. Human CD133 can be phosphorylated at two distinct tyrosine
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residues (namely, Y828 and Y852 in the human CD133.s2 sequence) in its cytoplasmic
C-terminus (Fig. 1a) [161]. The phosphorylation of these residues is mediated by the Src
and Fyn tyrosine kinases, members of the Src nonreceptor tyrosine kinase family [161].
The amino acid sequence flanking Y828 is highly conserved in vertebrates and conforms
to the tyrosine kinase phosphorylation motif [R/K]xxx[D/E]xxY. Y828 is found in the
YDDV Src SH2-binding motif, and its phosphorylation may regulate the CD133 inter-
action with SH2 domain-containing proteins involved in intracellular signaling events
[161]. A highly significant activity mediated by Y828 phosphorylation of CD133 is its
interaction with the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K), which
thereby regulates PI3K activity at plasma membrane [163]. After overexpression, both
Src and Fyn enzymes induced tyrosine phosphorylation of the complex N-glycosylated
form of CD133 associated with the plasma membrane, but only Src modified the high-
mannose N-glycan form associated with the ER [161]. The significance of this selectivity
as well as whether Src-dependent phosphorylation of the high-mannose form of CD133
contributes to its interaction with DNMT1 (see above) remains to be determined.

Y852 is encoded by a facultative exon, the sequence of which is relatively less con-
served and does not conform to the phosphorylation motif or the SH2-binding domain.
It is present in some mammals, including rats, mice, chimpanzees, and humans [9, 104],
but not in others, such as dogs [105]. Nevertheless, the phosphorylation of Y852 has
been shown to play a critical role in the activation of Src-focal adhesion kinase (FAK)
signaling [164].

Ubiquitination is another posttranslational modification of CD133 [24] that might
regulate its internalization from the cell surface and sorting into small intralumenal vesi-
cles within late endosome/multivesicular bodies (LE/MVB) en route to exosomes [165].
Lysine 848 (K848) is one of the sites of CD133 ubiquitination. Ubiquitinated CD133
interacts with the tumor susceptibility gene 101 (TSG101) protein [165], a component of
the endosomal sorting complex required for transport (ESCRT) machinery involved in
LE/MVB formation [166], and possibly with syntenin-1 [24], a PDZ domain-containing
scaffold protein that regulates the biogenesis of exosomes in conjunction with ALIX and
syndecan (see below) [167]. Together, these findings suggest a role for ubiquitination in
the intracellular trafficking of CD133 and its release in association with exosomes into
physiological bodily fluids (see below). CD133 is also subjected to acetylation by acetyl-
transferase 1 and 2, two acetyl-CoA:lysine acetyltransferases associated with the ER/ER-
Golgi intermediate compartment. Three lysine residues (K216, K248 and K255) in the
EC2 are acetylated during the anterograde transport of CD133 to the plasma membrane,
and perturbation of this posttranslational modification affects the stability of CD133 and
impedes its appearance at the cell membrane [162, 168].

Cellular biology of CD133

CD133: an organizer of plasma membrane protrusions

Prominin-1 owes its name to its specific subcellular distribution on prominent cellular
protrusions [1]. It localizes to highly curved membrane subdomains, such as micro-
villi, cilia, filopodia, and other membrane structures that protrude from flat regions of
the plasma membrane regardless of cell type, i.e., stem cells versus differentiated cells,
or epithelial versus nonepithelial cells, as described in a review article published two
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decades ago [22]. Its expression in the flagellum of immature spermatozoa present in
murine testis and in the myelin sheath produced by oligodendrocytes and Schwann cells
is consistent with its specific localization to membrane protrusions [10, 26].

The importance of this subcellular localization was initially demonstrated in photo-
receptor cells in which CD133 is enriched at the base of the outer segment of rod cells
[8]; more specifically, in precursor membranes of photoreceptor disks emerging from
the connecting cilium (reviewed in Refs [169, 170]). The outer segment is a specialized
ciliary organelle that allows sensory neurons to detect light and convert it into cellular
signals relayed to downstream neurons [171]. The interaction of CD133 with the mem-
brane protein protocadherin 21 regulates the proper biogenesis and maintenance of
these large nascent membrane evaginations [87]. CD133 knockdown in murine models
impaired these processes, leading to the disorganization of the photoreceptor outer seg-
ment and progressive degeneration of the photoreceptor [23]. Variations in the genetic
background could influence the progression of photoreceptor cell degeneration [172].
Han and colleagues demonstrated that frog prominin-1 localized to highly curved open
rims of outer segment lamellae in the rod and cone cells of Xenopus laevis retinas [173].
Retinal phenotypes were observed in frogs and zebrafish when prominin-1 or prom-
inin-1b paralog was silenced, respectively [174, 175]. Although zebrafish prominin-1a is
also highly expressed in photoreceptors, its role has not been established [25, 175, 176].
As observed in frog eyes, CD133 was expressed throughout all the disk membranes of
human cone cells [170], and clinically, all patients with recessive or dominant PROM1
mutations show cone-rod dystrophy. Interestingly, although the recessive diseases
were associated with early-onset severe panretinal degeneration with early central loss
of vision, the dominant diseases were linked with late-onset dystrophy predominantly
involving the macula [85].

The structural impact of CD133 expression on membrane protrusions concerns more
than disk morphogenesis in photoreceptor cells, as recently demonstrated in one of
our laboratories. For example, overexpression of human CD133 in polarized Madin-
Darby canine kidney (MDCK) cells resulted in an increase in the number of microvilli,
branched microvilli and microvilli clusters within the apical surface (Fig. 3a), whereas
its silencing in human CD34" HSPCs abolished uropod-associated microvilli-like struc-
tures at the rear pole [177]. Similarly, CD133 overexpression impacted the structure
of filopodia in fibroblasts or other membrane extensions in retinal pigmented epithe-
lium cells [177, 178] (see below). The interaction of CD133 with the actin-related pro-
tein 2/3 (Arp2/3) complex, which mediates the branching of actin networks, may favor
such microvilli-related and filopodial alterations in epithelial and nonepithelial cells,
respectively (Fig. 3a, see below) [177]. The latter case might explain, at least partially, the
involvement of CD133 in cancer metastasis, as both CD133 and actin filament branch-
ing are found at the leading edge of motile cell lamellipodia, which are the driving force
of cell migration [1, 179]. The interaction between CD133 and the Arp2/3 complex is
mediated by the phosphorylation of CD133 Y828, and the mutation of this tyrosine
(Tyr — Phe, Y828F) resulted in short microvilli (Fig. 3a) [177]. The CD133-Arp2/3 com-
plex interaction is also of interest in the context of photoreceptor biogenesis since it
could stimulate the growth of membrane evaginations from the connecting cilium at the
base of the outer segment to generate a new photoreceptor disk [180].
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Fig. 3 CD133 impacts the architecture of actin-based microvilli and microtubule-based primary cilia. a, b
CD133is involved in the architecture of microvilli (@) and primary cilia (b), two distinct types of membrane
protrusions based on actin filaments and microtubules, respectively. In microvilli, mutation (2 M) in the
GM;-binding domain of CD133 creates branched microvilli and/or microvilli with a knob-like structure, while
the mutation of tyrosine 828 by phenylalanine (2 M Y828F or Y828F mutants; numbered according to CD133.
s2) abolishes these phenotypes and creates short microvilli (a, left panel). Branching of the microvilli results
from the interaction of phosphorylated CD133 with the Arp2/3 complex, whereas the interaction with PI3K,
which stimulates the conversion of PIP, to PIP; in the inner leaflet of the plasma membrane, uncouples

the plasma membrane and the underlying cytoskeleton, resulting in irregularly shaped microvilli (a, right
panel). Both subunits (p85 and p110) of PI3K and all seven subunits of the Arp2/3 complex are represented.
In primary cilium, overexpression of CD133 increased cilium length, while K138Q mutation led to the
formation of short cilia and the appearance of EVs derived therefrom (b, left panel). The dual interaction of
CD133, mediated by K138, with Arl13b and HDAC6 regulate the assembly and disassembly, respectively, of
the ciliary structure. Arl13b binding to CD133 also depends on tyrosine 828 phosphorylation (b, right panel).
Ac, acetylated tubulin. € CD133 plays an essential role in the recruitment of molecular regulators (Arl13b
and HDAC6) controlling the dynamics of the ciliary compartment during the activation of quiescent stem
cells into transit amplifying cells, as demonstrated in incisor tooth epithelial cells—a process impaired in
CD133-null mice. lllustrations in a—c are based on data presented in Refs [177, 182, 183]

The implication of CD133 in ciliary structures has been reported in different cell
types. The spatiotemporal activation of stem cells is based on coordinated cell signal-
ing. The primary cilium, acting as a sensory organelle, participates in the transmission of
extracellular signals into a cell, triggering downstream cascades responsible for the cell
renewal and differentiation [181]. The proper function of the primary cilium depends
on the balanced assembly and disassembly of the microtubular apparatus through the
cell cycle. Accumulating evidence shows that CD133 plays a critical role in controlling
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the length of the primary cilium in both mammalian and nonmammalian vertebrates
[182, 183], via either its interaction with regulators of ciliary morphology or CD133" EV
budding from the ciliary membrane (Fig. 3b). The distribution of CD133 within the cili-
ary compartment is complex and often asymmetrical along the axoneme [182, 184, 185].
CD133 is found either at the base or the tip of a cilium or within the ciliary shaft [182,
183]. A good example of the physiological involvement of CD133 in ciliogenesis was
demonstrated by Singer and colleagues using dental epithelium stem cells as a model,
showing that CD133 controls the stem cell-transit amplifying cell axis by orchestrating
ciliary dynamics, which was disrupted in Prom-1 =/~ mice (Fig. 3¢) [182]. The mechanism
by which CD133 regulates primary cilium length has been further dissected using kidney
MDCK cells [182, 183]. Two regulators of ciliary morphology have been shown to inter-
act with CD133 [182]: ADP-ribosylation factor-like GTPase 13B (Arl13b) and HDACS.
Both of these CD133-interacting proteins compete for cytoplasmic K138 (numbered as
in splice variant s2) in the CD133 IC1 [182]. Arl13b is a member of the Ras superfam-
ily of small GTPases that regulates ciliary length [186, 187], while HDACS6 catalyzes the
deacetylation of alpha-tubulin and is involved in the disassembly of the primary cilium,
a process required for cell cycle progression (Fig. 3b) [188, 189]. The dual interaction
of CD133 with Arl13b and HDAC6 may orchestrate cilium functionality and ciliary
length dynamics in a positive and negative manner, respectively, and consequently regu-
late the activation of dental stem cells (Fig. 3c). Of note, the phosphorylation of Y828
has also been implicated in the CD133-Arl13b interaction, and its mutation resulted
in a reduction in ciliary length and the number of cells with a primary cilium [183]. In
such context, it remains to be determined whether CD133 phosphorylation impacts its
interaction with HDCAS®, as suggested in the process of autophagy [190] (see below),
or whether other posttranslational modifications that would promote or hinder CD133-
Arl13b/HDACS interactions control the ciliary architecture, and functionally influence
cellular proliferation versus differentiation.

Beyond dental stem cells, ciliary CD133 may have an impact on the activity of other
cells with stem cell properties, including those associated with the nervous system [191—
196] (reviewed in Ref [197]). In addition to primary cilia, CD133 affects motile cilia,
such as those found in ependymal cells or multiciliated cells of the airway epithelium, as
the absence of CD133 impaired ciliary beating [198, 199]. CD133 is also associated with
multiciliated cells found in oviduct epithelium [90]. In zebrafish, prominin-3 silencing
alters the number and length of monocilia in Kupffer’s vesicles, resulting in molecular
and anatomical defects in left-right asymmetry [183]. Thus, the involvement of CD133
(or its paralogs) in ciliogenesis and/or ciliary functions may have consequences in many
ciliopathies [200].

The association of CD133 with cellular protrusions and its involvement in their proper
organization is not unique to vertebrate cells, as Drosophila melanogaster Prominin has
been found in the microvilli-based rhabdomere of the photoceptor cells. Therein, Prom-
inin concentrated at the apical tips of microvilli, and by interacting with the secreted
protein Eyes Shut/Spacemaker, it prevented unwarranted contacts between adjacent
membrane protrusions and conferred structural integrity onto rhabdomeres [98]. The
knockdown of fly Prominin led to the altered arrangement of the photoreceptor com-
partment. Yet, this phenotype was rescued by the expression of mammalian CD133,
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indicating the cross-species conservation of CD133 activity in invertebrate and ver-
tebrate photoreceptor cells [100]. Similarly, Drosophila melanogaster Prominin-like
showed a preferential affinity for apical protrusions of wing imaginal disc cells [99].

Altogether, CD133 shows a profound preference for plasma membrane protrusions,
the morphology and organization of which are regulated through multiple interactions
of CD133 with various protein and lipid interactors (see below) and/or its posttransla-
tional modification. Of note, almost all CD133-knockout mouse models described so
far are viable and fertile [23, 54, 84, 90, 91, 177, 201-204] even though CD133 is nor-
mally expressed in the male reproductive tract and spermatozoa and may play a role in
sperm maturation [10, 13, 202, 205-207]. This indicates potential functional redundancy
of CD133 in specific tissues [84, 92], despite a recent study reporting male infertility
after deletion of the Prom1I gene in a particular mouse background [208]. Compromised
spermatogenesis has also been reported for some individuals of Prom-1-deficient males
showing no interference with development or fertility in general [203]. It remains to be
determined whether the genetic background and/or other factors, e.g., expression lev-
els of CD133 interactors, can influence the impact of CD133 on the biogenesis and/or
maintenance of functional membrane protrusions.

Thus, advancing our basic knowledge of CD133 may help in understanding not only
its impact on protruding membrane structures, but also its involvement in various cell
signaling pathways and processes, including proliferation/differentiation, autophagy and

cell migration.

CD133 and lipid rafts

The subcellular localization of CD133 in plasma membrane protrusions (e.g., microvilli)
relies, at least in part, on its association with a specific membrane microdomain [209,
210]. These submembrane domains, called “lipid rafts’, are rich in specific membrane
lipids such as cholesterol and sphingolipids [211]. The integrity of these lipid rafts par-
ticularly depends on membrane cholesterol. Lipid rafts play an essential role in cellular
processes, including membrane trafficking, epithelial polarity, membrane budding and
fission, and signal transduction [212-214]. The implication of lipid rafts in CSC self-
renewal, quiescence and EMT, which are mediated by various signaling pathways, has
made them putative targets for cancer eradication (reviewed in Ref [215]).

The classical biochemical method used to determine the association of a given protein
with lipid rafts is based on protein resistance to extraction with certain nonionic deter-
gents under cold conditions; Triton X-100 is the most commonly used detergent for
these assays [216, 217]. Although CD133 was completely soluble after incubation with
Triton X-100, cholesterol-dependent detergent resistance of CD133 was observed with
other detergents, such as Lubrol WX, Triton X-102, or Brij 58, making these CD133-
containing lipid rafts different from others [209, 210]. These biochemical observations
were corroborated by morphological data where the specific retention of CD133 in
microvillar structures was disrupted after the depletion of membrane cholesterol [209]
(reviewed in Ref [218]). A relationship between CD133 and lipid rafts is supported by its
direct interaction with membrane cholesterol, as demonstrated using a photoactivatable
cholesterol analog [209].
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Other lipid species may also interact with CD133, including gangliosides such mon-
osialoganglioside 1 (GM,;) and disialoganglioside 3 (GD,). Taieb and colleagues have
proposed two ganglioside-binding motifs in the EC1 and EC2 of CD133 [219], corrobo-
rating the colocalization of CD133 with GM; at the membrane protrusions of epithe-
lial and nonepithelial cells [185, 220, 221]. The importance of the GM;-binding motif
in CD133 was further dissected by creating point mutations, as one CD133 mutant
(named 2 M) produced microvilli or filopodia with altered morphology in MDCK cells
and fibroblasts, respectively [177]. Notably, branched microvilli and/or with a "pearl-
ing" state were observed (Fig. 3a, see legend). These effects were related to an increased
phospho-Y828-dependent interaction of CD133 with either Arp2/3 complex (see above)
or PI3K leading to their activation [177]. How does the extracellular domain of CD133
influence the activity of cytosolic proteins, and subsequently the organization of mem-
brane protrusions? The interaction of CD133 with gangliosides in the plasma membrane
outer leaflet may determine the phospholipid composition of the inner leaflet (e.g., the
phosphatidylinositol 4,5-bisphosphate (PIP,)/phosphatidylinositol (3,4,5)-trisphosphate
(PIP,) ratio), by regulating CD133-driven PI3K activation, which may be responsible for
the uncoupling of the microvillar membrane from the underlying cytoskeleton, resulting
in irregularly shaped microvilli [177]. Linker proteins that interact with actin filaments,
such as myosin and ezrin, are involved in the membrane binding which is regulated by
clusters of PIP, [222, 223]. An increase in the PIP; level might also induce the activa-
tion of the Arp2/3 complex [224, 225]. By promoting membrane lipid clustering, CD133
may thus mediate direct crosstalk between lipid bilayer leaflets (Fig. 3a). Together with
its lipid interactors, CD133 might control the shape and organization of highly curved
membranes, such as those found in microvilli, cilia, filopodia and TNTs (see below)
[213, 226—228] (reviewed in Ref [218]).

Importantly, cholesterol and gangliosides are not merely structural components of the
membrane microdomains affecting membrane structure but, either alone or as a part
of lipid rafts, can also modulate signal transduction [214, 229, 230]. Thus, in addition to
acting as structural units involved in the architecture of membrane protrusions, CD133
and associated lipid rafts can constitute membrane signaling platforms. The involvement
of CD133 as a signaling transduction component in different aspects of cell physiology
and tissue regeneration is discussed in subsequent sections.

CD133: intra- and extra-cellular trafficking

As an organizer of the plasma membrane, especially protrusions, CD133 may be
involved in membrane turnover and/or recycling [177]. The proper composition of
biological membranes is essential for their physical properties and functionality, as in
the case of the plasma membrane, which mediates the activation of signaling pathways
[231]. The dynamic movement of CD133 from the plasma membrane to intracellular
compartments via endocytosis and/or its release into the extracellular medium in asso-
ciation with membrane particles (see next section) may affect the homeostasis of fully
differentiated cells and perhaps the proliferation of cells with stem cell properties. The
expression of a ganglioside-binding mutant of CD133, stimulating its ubiquitination and
interaction with syntenin-1, coincided with an increase in intracellular multivesicular

structures, which highlights the importance of proper interaction between CD133 and
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certain plasma membrane lipids [177]. CD133 internalization may also indirectly impact
various signaling pathways associated with the cell surface, such as those linked to ciliary
structures and/or those in other subcellular compartments.

The presence of CD133 in the cytoplasmic compartment, probably in association
with the endosomal system, was found to be a high-risk factor for cancer patients sur-
vival [232-235]. In blood-derived stem and progenitor cells [81], the intracellular pool
of CD133 may contribute to the vasculogenic potential of the cell [68]. The underly-
ing mechanism remains to be established, but the interaction of CD133 with vascular
endothelial growth factor, which potentiates its action on angiogenesis, could be part of
the answer [236].

Several reports have suggested a positive role for cytoplasmic CD133 in autophagy,
which regulates the survival of cancer cells and normal retinal epithelial cells under
stress signals, such as those from a nutrient-deprived environment [237-239].
Autophagy is a conserved multistep intracellular process involving autophagosome ini-
tiation, elongation and maturation and subsequent fusion with a lysosome, which acts
as an indispensable mechanism for removing damaged, denatured, or senescent aggre-
gated proteins and/or organelles. CD133 might participate in autophagosome matura-
tion through its interaction with the autophagy receptor p62/sequestosome 1 (SQSTM1)
and HDACS6 [239]. p62/SQSTMLI acts as an adapter molecule that links autophagic car-
goes to autophagosomes [240]. These observations may show clinical promise, as tar-
geting CD133-related signaling and autophagy may enhance cancer therapy. Recently,
Izumi and colleagues reported an intriguing mechanism affecting the subcellular locali-
zation of CD133 and regulating autophagy in colorectal carcinoma and neuroblastoma
cell lines [190]. The authors proposed that after endocytosis under severe growth con-
ditions, recycling endosome-associated CD133 is redistributed towards the pericentro-
somal region via its interaction with HDAC6 and dynein motor-dependent trafficking
along microtubules. Therein, binding of CD133 to the y-aminobutyric type A receptor-
associated protein (GABARAP) prevented autophagy by impeding the interaction of
GABARAP with Unc-51-like autophagy activating kinase 1 (ULK1), which contributes
to the initiation of the autophagy process (Fig. 4a) [241, 242]. Of note, a microtubule-
associated protein 1 light chain 3 (LC3)-interacting region (LIR) [243] spanning posi-
tions 828-831 in CD133 might mediate the interaction of CD133 with GABARAP [190].
However, this interaction remains to be formally demonstrated. Importantly, the afore-
mentioned process specifically involved unphosphorylated CD133, as the phosphoryl-
ated form did not interact with HDAC6 and remained at the plasma membrane [190].
By inhibiting autophagy, pericentrosomal CD133 suppresses cell differentiation and pri-
mary cilium formation and allows maintenance of the undifferentiated state [190]. How
phosphorylation impedes HDACS6 binding still needs to be elucidated.

The internalization of CD133 and its transport to intralumenal vesicles (precursors of
exosomes) found in the MVBs of CD34" HSPCs might determine the fate of these cells,
as the partial or complete loss of CD133, either by degradation in the lysosomal sys-
tem and/or discharge in association with exosomes, is somehow linked to cell differen-
tiation [81] (see below). Remarkably, in the endosomal compartment of CD34" HSPCs,
CD133 has been shown to be distributed symmetrically or asymmetrically during
cytokinesis, which may support proliferation or differentiation, respectively [27, 244].
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Fig.4 The impact of CD133 on autophagy relies on its phosphorylation status. a Under severe growth
conditions, the absence of Src-dependent phosphorylation of CD133 Y828 favors its internalization into
recycling endosomes. Through its interaction with HDAC6, CD133 is redistributed via motor protein dynein
and microtubules to the pericentrosomal region, where its binding to GABARAP prevents autophagy by
hindering the GABARAP interaction with ULK1. Suppression of perinuclear CD133-mediated autophagy

in cells with stem cell properties favors the maintenance of an undifferentiated state. b The asymmetric
distribution of CD133 in dividing neuroblastoma cells impacts autophagic activity in nascent cells. During
cytokinesis, the presence of CD133 together with GABARAP and HDAC6 in recycling endosomes located
asymmetrically in the pericentrosomal region and the nuclear translocation of 3-catenin cooperatively
suppress the autophagic activity in a nascent daughter cell by inhibiting GABARAP-mediated initiation of
autophagy and repressing the expression of SQSTM1, which may also protect CD133 from degradation.
Such interplay may promote the maintenance of stem characteristics via a reduction in autophagy, while the
absence of CD133 and increased autophagy may favor cell differentiation. lllustrations in panels a and b are
adapted from Refs [190] and [247], respectively

Similar features have been observed in cancer cells [245, 246]. As demonstrated in neu-
roblastoma cells, the asymmetric distribution of pericentrosomal CD133 and nuclear
[-catenin cooperatively suppressed autophagic activity in a nascent daughter cell during
cytokinesis by inhibiting p62/SQSTM1 expression (Fig. 4b) [247]. Further investigation
is needed to decipher the positive or negative implication of CD133 in the autophagy
processes, which might depend on the basal autophagic activity of the cell of interest
and/or external cues [247].

In glioblastoma stem cells, the asymmetric redistribution of the CD133 pool and
perhaps of the associated lipid rafts during cell division could produce a progeny with
coenriched growth factor receptors, which may contribute to the generation of a more
drug-resistant CSC population [248]. In neuroepithelial progenitor cells, the asymmetric
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inheritance of CD133 that occurs during neurogenic cell division relies on the api-
cal localization of CD133 [249]. Together with other constituents in the apical domain,
including those associated with membrane protrusions such as microvilli and the pri-
mary cilium, CD133 may contribute to the cell fate determination [249]. The spatiotem-
poral relationship between CD133 and the autophagy machinery in neural progenitors
remains to be further studied. Nevertheless, as autophagy has been implicated in dif-
ferentiation and primary ciliogenesis [250—-254], it is tempting to speculate that CD133
mediates the crosstalk between these processes in a phosphorylation-dependent man-
ner. These cellular processes could be involved in fate decision that upon dysregulation
could lead to cancer [247].

Surprisingly, CD133 has also been reported to localize to the nucleus of tumor cells
derived from rhabdomyosarcoma [255] and other childhood sarcoma subtypes, such as
osteosarcoma and Ewing’s sarcoma [256]. Several independent studies confirmed that
CD133 may localize to the nucleus of various normal and cancer cell types, including
mouse incisor tooth epithelia [182], breast carcinoma [257], non-small cell lung carci-
noma [258], melanoma [259] and colorectal carcinoma [260]. Contradictory results have
been reported regarding its prognostic significance when it is located in the nuclear
compartment of different cancers. Although high nuclear CD133 expression has been
correlated with poor outcome in non-small cell lung carcinoma [258], it has been associ-
ated with a favorable prognosis in patients with colorectal adenocarcinoma [260]. The
role of nuclear CD133 and its transport through the nuclear membrane are still poorly
understood, but the aforementioned study by Singer and colleagues provided the first
insights into potential mechanisms. In mouse incisor epithelial stem cells, CD133 was
found to orchestrate the transition of stem cells towards more differentiated cells via a
primary cilia-dependent process in which it associates with Glis2 [182], a transcription
factor involved in Sonic Hedgehog signaling, one of the major regulators of stem cell dif-
ferentiation [261]. The CD133-Glis2 complex is translocated from the primary cilium to
the nucleus via an importin f1-mediated cytoplasmic-nuclear transport to induce the
expression of Glis2 downstream targets, such as STAT3, a transcription factor impli-
cated in stem cell maintenance and activation [262]. Knockdown of CD133 in mice low-
ered the expression of Glis2 and vice versa, implying their functional relationship, and
moreover, knockdown of either gene resulted in the suppression of STAT3 expression
[182]. Of note, molecular crosstalk between CD133 and STAT3 signaling reportedly
controlled autophagy [263], further linking ciliogenesis and autophagy, which in turn
may regulate stem cell proliferation and differentiation.

Here again, the various subcellular localization and the intracellular transport dynam-
ics of CD133 are not unique to mammals, as they have been observed in fruit flies [102,
264, 265]. For instance, in addition to membrane protrusions, Prominin-like has been
shown to be located in mitochondria, where it directly interacts with ND20, a com-
plex I subunit in the respiratory chain [102]. The inhibition of Prominin-like expression
increased the levels of reactive oxygen species, reduced cytoplasmic and mitochondrial
ATD, and led to total mitochondrial dysfunction. Similarly, Prominin-like has been pro-
posed to be involved in the control of body size in adult flies, as a mutant lacking this
protein was larger with excess weight accompanied by higher fat deposits [264]. The
accumulation of lipid droplets in fat body cells and decreased mitochondrial B-oxidation
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rates in whole flies were observed. The impact of CD133 on energy-consuming meta-
bolic processes has been linked to the Drosophila homolog of the TOR and insulin-like
peptide 6 signaling pathways. A link between CD133 and mTOR signaling has also been
reported in mammals, where cytoplasm-located CD133 influenced autophagosome mat-
uration and trafficking (see above) [239]. Another loss-of-function study demonstrated
that a Prominin-like mutant exhibited an extended life span and metabolic defects such
as an increase in circulating carbohydrate levels, lipid storage, and starvation resistance
[265]. These phenotypes were related to glucose metabolism by the control of insulin
signaling. In agreement with this physiological impact, Prominin-like expression has
been mapped in the adult brain to the pars intercerebralis region containing insulin-
producing cells [265]. Prominin-like protein was found to affect the morphological fea-
tures of primary neural cells [266]. The observations regarding Drosophila Prominin-like
protein are in agreement with earlier studies proposing a link between CD133 and glu-
cose metabolism in myotubes, as elevated glucose levels increased CD133 expression,
while CD133 overexpression promoted glucose uptake [267]. Similarly, CD133 has been
shown to be involved in hepatoma cell survival through its regulation of autophagy and
glucose uptake [237]. A relationship between CD133 expression and bioenergetic stress
affecting mitochondrial functions has also been proposed in the context of glioma [268]
(reviewed in Ref [269]).

Altogether, the dynamics of the subcellular localization of CD133 and its relatives,
which influence various cellular processes and metabolism, must be considered when
studying its function under particular conditions. From a technical point of view, the
presence of intracellular (cytoplasmic and/or nuclear) pools of CD133 must be taken
into account when analyzing its expression by immunocytochemistry and flow cytom-
etry, particularly in the absence of cell permeabilization, or when CD133 is chosen as a
prognostic biomarker or as the cell surface target of a therapeutic strategy [68, 81].

CD133 and extracellular vesicles

Besides its association with various types of plasma membrane protrusions or specific
organelles, CD133 is released into the extracellular milieu, including various bodily flu-
ids, in association with EVs [81, 191]. Although the initially proposed function of EVs
was to remove “cell dust” from cells and thus maintain their homeostasis, EVs are now
recognized as mediators of intercellular communication in a variety of biological pro-
cesses, including embryogenesis and immune responses, as well as in cancer progression
and metastasis [270-272]. EVs carry specific sets of biological materials (e.g., proteins,
lipids and nucleic acids) that often reflect the physiological state of the cells from which
they originate [273]. Once released, EVs interact with and/or are potentially internalized
by recipient cells, whose characteristics may thus be altered. The release of specific cel-
lular components through EVs may also alter the fate of donor cells.

These nanosized particles are classified into two main categories based on their bio-
genesis: exosomes (typically approximately 40-100 nm in diameter) and ectosomes/
microvesicles (hereafter MVs; 50-1000 nm in diameter) [271]. Exosomes are of endoso-
mal origin, as they are formed by the inward budding of endosome-limiting membranes,
leading to the formation of MVBs that subsequently fuse with the plasma membrane
and discharge their small intralumenal vesicles into the extracellular medium [271, 274].
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In contrast, MVs are derived directly from the plasma membrane as they often bud or
shed from protruding membranes (reviewed in Refs [275-277]). Depending on the cell
type, CD133 has been associated with exosomes or MVs [81, 191]. However, CD133 may
be associated with both entities in a given biological fluid, reflecting the different cellular
sources in contact with these fluids and/or the release by both mechanisms from a par-
ticular cell under specific conditions or in diseases such as cancer.

In 2005, Marzesco and colleagues were the first to report the release of CD133 into
the external environment; they described its release both in physiological fluids, nota-
bly cerebrospinal fluid and urine, and in conditioned medium of a cancer cell line in
culture [191]. They showed that CD133% MVs were released from neuroepithelial
progenitor cells and that their appearance in the extracellular milieu coincided with a
reduction in CD133" microvilli, which were most likely the origins of the MVs (Fig. 5a).
Consistent with this hypothesis, the CD133" MVs did not contain the bona fide exo-
some marker CD63 [191]. The budding of CD133%* MVs from microvillar structures
depends on specific cholesterol-rich lipid rafts, suggesting that the interaction of CD133
with membrane cholesterol is the main driver of MV release [278, 279]. Indeed, a
reduction in membrane cholesterol increases the release of CD133" MVs from micro-
villi [278], while mutations in the GM;-binding domain of CD133 reduce their release
[177]. The GM;-binding-dependent interaction of CD133 with the Arp2/3 complex may
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also be relevant, as the Arp2/3 complex has recently been shown to be involved in MV
release [280, 281]. The primary cilium and midbody, i.e., a transient structure that con-
nects two nascent daughter cells at the end of cytokinesis, are other sources of CD133"
MVs (Fig. 5a) [192]. The midbody itself can be released and thus constitutes a large and
particular CD133" EV [191, 192, 282]. Overall, the interest in CD133 as a microvillar
lipid-binding membrane protein, in parallel with research on cytoskeletal regulators
[283, 284], has led to more studies into MV shedding from plasma membrane protru-
sions [276]. For example, it has recently been shown that the fruit fly Prominin-like is
important for both the integrity of microvilli and the release of MVs, contributing to
the proper morphogenesis of wing imaginal discs through long-distance signaling of the
Hedgehog morphogen [285].

In addition to MVs, as mentioned above, CD133 is associated with exosomes, as dem-
onstrated in primary human CD34" HSPCs (Fig. 5b) [81]. CD133 sorting into exosomes
may be related to its ubiquitination and interactions with TSG101 and/or syntenin-1
(see above). Whether lipid rafts and/or certain gangliosides are involved in these pro-
cesses remains to be determined. It is noteworthy that in addition to GM;, CD133 bears
a potential GD;-binding site in the EC2 domain near its second transmembrane domain
[219], possibly contributing to its incorporation into intralumenal vesicles of MVBs, as
the GD; ganglioside has been reported in exosomes [286].

Although the function(s) of CD133" EVs is poorly documented, a correlation between
their release, irrespective of the mechanism, and the onset of the cell differentiation
have been reported in three distinct cellular systems: murine neural progenitors, human
Caco-2 cells and primary human CD34" HSPCs [81, 191]. For example, the release of
CD133" MVs from neuroepithelial progenitors occurs at the very beginning and early
phase of neurogenesis, resulting in apical membrane remodeling with loss of microvilli,
promoting cell differentiation [191] (reviewed in Refs [218, 287]). In epithelial Caco-2
cells, which in confluent culture show spontaneous differentiation leading to mature
colonic epithelial cells, the release of CD133" MVs coincides perfectly with the differen-
tiation process [191]. Similarly, the differentiation of CD34% HSPCs in culture has also
been associated with the release of CD1337CD34~ exosomes, a phenomenon that can
be stimulated by phorbol esters such as phorbol 12-myristate 13-acetate, further linking
HSPC differentiation and CD133 release [81].

Interestingly, CD133" EVs contain all the characteristics of lipid rafts (reviewed in
Ref. [279]), including the binding of CD133 to membrane cholesterol [81, 278, 288, 289].
As initially proposed by Marzesco and colleagues, these nano(micro)membrane enti-
ties may contain the determinants and/or some components of certain signaling path-
ways necessary for the maintenance of stem (cancer stem) cell properties [191]. The
loss of lipid rafts via the release of CD133" EVs may promote cell differentiation. This
concept of “stem cell-specific lipid rafts” is attractive in the context of stem cell-based
tissue regeneration and CSCs. Interfering with CD133" EV release that promotes dif-
ferentiation may thus favor cell proliferation [191] (reviewed in Ref [27]). In support
of this hypothesis, blocking MVB maturation with ammonium chloride impeded both
sodium butyrate-induced differentiation and CD133 depletion in two colon cancer cell
lines, suggesting that the release of CD133™ EVs is essential for cell differentiation [290].
With the asymmetric distribution of CD133 during cell division (see above), the release
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of CD133" EVs may act as a complementary process for the expulsion of CD133-related
signaling components and/or its associated lipid rafts [191].

The release of CD133" EVs may not only constitute a clearance process that leads to
cell differentiation but may also produce the vehicles necessary for intercellular commu-
nication, delivering information and signaling factors to surrounding tissues (reviewed
in Ref [275]). The uptake of CD133" EVs by stem cells or cancer cells has been dem-
onstrated in several studies [81, 288, 290]. For instance, metastatic melanoma FEMX-I
cells released CD133" EVs carrying proteins and microRNAs, which promoted tumori-
genic/prometastatic activity in recipient cells. Thus, the transfer of CD133" EVs to bone
marrow-derived mesenchymal stem cells significantly increased their invasive capacity
in vitro [288, 289]. Similarly, CD133* EVs released by HT29 colon cancer cells increased
the proliferation and motility of both colorectal cancer cells and normal fibroblasts
[290]. These effects were coupled with an increase in phosphorylation of Src proteins
and extracellular signal-regulated kinases as well as in the expression of genes associated
with EMT. CD133" EVs, such as those released from Kirsten rat sarcoma virus oncogene
homolog (KRAS) mutant colon cancer cells, can also be involved in oncoprotein traffick-
ing [291]. The small GTPase KRAS is a well-characterized oncoprotein that increases
the malignancy and metastatic potential of cancer cells by acting as an epidermal growth
factor receptor (EGFR) signaling transducer [292, 293]. Specifically, Kang and colleagues
reported that the transfer of KRAS mutants via CD133" EVs (in this case, MVs) to sur-
rounding nontumorigenic cells activated downstream KRAS signaling, leading to an
increased cell motility, proliferation and resistance to anti-EGFR drugs [291]. Interest-
ingly, the amount and sizes of budding MVs depended on the level of CD133 expres-
sion, which stimulated and inhibited the activities of the small GTPases RhoA and Racl,
respectively [291].

CD133" EVs in various bodily fluids, notably cerebrospinal fluid, urine and seminal
fluid, may have, in addition to their biological and physiological impact, clinical value
as noninvasive biological tools to monitor disease progression or tissue regeneration
after organ transplantation [191]. For example, Huttner and colleagues demonstrated
in a series of publications that CD133" EVs associated with cerebrospinal fluid can be
used as a biomarker to monitor neural diseases such as cancer or brain injury [294-297].
The expression of CD133 in various renal cell types (e.g., cells in proximal tubules and
parietal layer of Bowman’s capsule of juxtamedullary nephrons) [1, 11, 12, 43, 45] and
derived urinary EVs that mirror in some way the tissue expression profile may also be
useful for monitoring kidney disease and tissue recovery after kidney transplantation
[298-300] (reviewed in Ref [301]). In all cases, the potential use of CD133" EVs as bodily
fluid-associated biomarkers requires further assessment, particularly with a large cohort
of patients.

CD133 and tunneling nanotubes

In the context of intercellular communication and signaling, the exchange of CD133
between cells can be mediated via TNTs, which connect adjacent cells over a short or
long distance. Discovered by Gerdes and colleagues, TNTs are thin, straight and long
protruding membrane structures that are not in direct contact with the extracellular
matrix, in contrast to other protruding structures such as filopodia [302]. Most TNTs
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are composed of microfilaments (F-actin), although tubulin has been detected in some
TNTs [302-304]. They are categorized based on the junctional connections between
cells as closed-ended or open-ended, with the latter type of TNTs leading to cytoplas-
mic continuity between interconnected cells [305]. Open-ended TNTs have been impli-
cated in the transport of diverse cellular components, including cytoplasmic molecules
and organelles (e.g., mitochondria), whereas closed-ended TNTs have been reported to
mediate the transport of electrical impulses between cells [303, 306, 307].

One of our laboratories reported that closed-ended TNTs were involved in the selec-
tive intercellular transport of certain membrane proteins, such as CD133, between
primary human CD34" HSPCs and KG1a hematopoietic leukemia cells [308]. The asso-
ciation of CD133 with lipid rafts may explain its selective and directional transport along
the surface of TNTs in small clusters, similar to cytoplasmic phospho-myosin light chain
2, suggesting that this actin motor protein might be implicated in CD133 transport along
TNTs (Fig. 6, see the corresponding legend for the potential mechanism of CD133 trans-
fer) [308]. Accumulation of CD133 occurs at the junctional complex before its transfer
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Fig. 6 Tunneling nanotubes mediate the transfer of CD133 between hematopoietic stem and progenitor
cells. CD133 is exchanged between CD133*CD34"HSPCs (or KG1a hematopoietic leukemic cells) via TNTs.

In various cellular systems, these transient narrow actin-based tubular connections have been reported to
mediate the transfer of organelles, soluble and membrane proteins and nucleic acids or to contribute to
calcium signaling, thereby promoting intercellular communication between adjacent or distant cells. In cells
of hematopoietic origin, TNT biogenesis depends on cell polarization and occurs during cell migration (solid
arrow) with one of two cells in direct contact forming membrane extensions from the uropod membrane at
its rear pole, where CD133 is concentrated. Mechanistically, the biological properties of CD133, including its
direct interaction with membrane cholesterol (red lipid) and its incorporation into cholesterol-rich membrane
microdomains, may modulate the lipid composition and the local organization of the plasma membrane

in TNTs. The CD133 interaction with PI3K may lead to the conversion of the docking PIP, into PIP; at the
inner leaflet of CD133-containing membrane microdomains, thereby regulating their interaction with the
underlying actin cytoskeleton. The binding of the actin motor protein myosin to PIP; clusters may promote
the selective movement of such CD133-containing membrane microdomains along the actin filament and
mediate their transfer between TNT-connected cells (dashed arrow). lllustration is adapted from Ref [308]



Pleskac et al. Cellular & Molecular Biology Letters (2024) 29:41 Page 25 of 47

from donor to acceptor cells, but the mechanism underlying this transfer of membrane
remains to be determined [308]. Interestingly, CD34"CD133" HSPCs were more likely
to generate TNTs than their CD34tCD133™ counterparts, suggesting that more primi-
tive stem cells deploy this means of communication to exchange or share materials
among themselves [308]. Differentiation may be triggered in donor HSPCs by the reduc-
tion in CD133 level and/or that of its associated lipid rafts, while their increase in recipi-
ent cells may promote proliferation, thus contributing to the replenishment of the bone
marrow stem cell niche and the formation of new mature blood cells [308]. Nonetheless,
the impact of CD133 transfer on recipient cells, the composition of the associated lipid
rafts that may harbor specific components of signaling pathways and whether CD133
directly contributes to TNT formation still need to be answered by further studies.
Collectively, these molecular and cell biological findings underscore the importance
for future studies of examining the subcellular localization of CD133 (or its orthologs
across species) and the posttranslational modifications that may influence it. Elucidation
of the regulatory factors may be essential to determine the function and/or involvement
of CD133 in membrane organization and dynamics, which, in addition to its structural

and physical properties, may impact various signaling networks.

CD133 and signaling pathways

In recent years, the involvement of CD133 in various signaling pathways has been postu-
lated. As no study has reported any soluble ligand that could demonstrates a functional
role for CD133 as a membrane receptor, it is important to determine its interactors,
especially those directly involved in signaling pathways [33, 309, 310]. In this section, we
highlight the pathways in which CD133 has been shown to play a role or exert an influ-
ence, particularly in cancer cells.

CD133 and RhoA/ROCK signaling influence cell morphology

Rho GTPases orchestrate various biological processes including cell cycle progression,
vesicular transport pathways, cell migration and cytoskeleton dynamics [311]. Among
them, RhoA and its main downstream effectors, Rho-associated coiled-coil-contain-
ing protein kinase (ROCK) 1 and 2, are key players in the regulation of cytoskeletal
remodeling and cell polarity, acting on actin, intermediate filaments and microtubules
[312-314].

In addition to the link between RhoA and CD133 in the formation of MVs men-
tioned above, it has been reported that overexpression of CD133 in retinal pigmented
epithelium cells or mouse embryonic fibroblasts leads to the formation of multiple
RhoA-dependent long membrane extensions (named fibres by the authors) oriented in
an opposite direction to that of cell movement [178]. These fibres, although somewhat
similar to the retraction fibers left behind by migrating cells, were surprisingly formed
independently of F-actin or a-tubulin polymerization and, consistent with the lipid-
binding properties of CD133, were highly enriched in membrane cholesterol. Interest-
ingly, five critical residues (KLAKY818) mapped to the end of the last transmembrane
domain (TM5) of CD133 were found to be essential for the formation of these fibres
[178]. In contrast, the phosphorylation of the tyrosine at site 818 (or 828 in the case
of CD133.s2) was not required [178], suggesting that these membrane structures are
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generated independently of the PI3K activity, making them different from the other pro-
truding structures involving PI3K and the Arp2/3 complex, described in the previous
section [177]. Of note, KLAKY818 residues in CD133 are in a motif similar to the linear
Cholesterol Recognition/interaction Amino acid Consensus sequence (CRAC) domain
(L/V-X, 5-Y-X, 5-K/R) [315, 316]. However, whether they act as cholesterol-binding sites
on the cytoplasmic leaflet of the plasma membrane is unknown, and further analysis is
required. Interestingly, CD133 appeared to colocalize with active RhoA at sites of fibre
formation initialization, and silencing of ROCK1/2 disrupted CD133-induced fibre for-
mation, suggesting that the RhoA/ROCK pathway mediated the biogenesis of these cel-
lular extensions [178]. It remains to be determined how CD133 and Rho activation act
synergistically, what the target of ROCK1/2 is in the biogenesis of these CD133-depend-
ent membrane extensions and whether these fibres contain other types of cytoskeletal
elements, such as intermediate filaments [178]. Despite the questions, these observa-
tions are consistent with the impact of CD133 on the architecture of membrane pro-
trusions and cell migration and are in line with the previous findings that in migrating
CD34" HSPCs, CD133 was selectively concentrated in the uropod at the posterior pole,
the latter structure being regulated by the RhoA/ROCKI signaling pathway [317, 318].

The same study by Hori and colleagues demonstrated that fibre formation is induced
by the overexpression of Tweety homolog (TTYH) 1/2 proteins, similar to CD133, sug-
gesting that both types of molecules may show functional similarity [178]. TTYH1/2
were reported to act as anion channels that were activated either by calcium ions or cell
swelling [319]. Recent structural studies on TTYH based on cryo-electron microscopy
combined with functional data refuted their potential functions as the pore-forming
subunits of ion channels, although they may act as accessory molecules to these chan-
nels [320, 321]. Instead, the hypothesis that these proteins might play a role in the
dynamics of membrane lipids was proposed [320]. More interestingly, TTYH1/2 pro-
teins are structurally similar to CD133, including their membrane topology and dimer/
tetramer formation [210, 322], suggesting that they may all regulate membrane organi-
zation leading to fibre formation. Whether this process is directly related to the chloride
efflux activity mediated by TTYH1/2 (or CD133) or to their interaction with other mol-
ecules remains to be demonstrated [178].

Signaling via phosphorylated CD133

The regulation of protein phosphorylation involves specific protein tyrosine phos-
phatases. Two studies indicated that protein tyrosine phosphatase k (PTPRk) was
involved in the dephosphorylation of CD133 IC3 [323, 324]. PTPRk is a member of the
group of transmembrane receptors in the classical tyrosine phosphatases family [325].
Its two catalytic intracellular domains dephosphorylate target proteins, and thus regulate
intercellular adhesion and cell proliferation [325, 326]. Both catalytic domains of PTPRk
interact with the CD133 C-terminal domain, independently of the phosphorylation sta-
tus, resulting in the dephosphorylation of residues Y828 and Y852, thereby inhibiting the
ability of CD133 to activate two major signaling pathways, namely, the PI3K-Rac-alpha
serine/threonine-protein kinase (Akt) and Src-FAK pathways [323, 324]. The importance
of the phosphorylation of CD133 in the regulation of cell signaling was strengthened by
the discovery of a novel small compound (LDN193189, a derivative of Dorsomorphin)
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that binds to the IC3 and prevents its phosphorylation [327]. As a result, the interaction
of CD133 with PI3K was effectively abolished, leading to the inhibition of Akt signaling
and decreased self-renewal and tumorigenicity in liver tumor-initiating cells [327].

Tyrosine 828 phosphorylation of CD133 regulates PI3K-Akt signaling

Increasing evidence suggests a role for CD133 as an upstream activator of the PI3K/
Akt pathway [163, 328]. PI3K, a heterodimeric protein composed of a catalytic (p110)
and a regulatory (p85) subunit (reviewed in Ref [329]), affects several cellular processes,
including cell proliferation, apoptosis, and growth and cytoskeleton remodeling [330,
331]. The main downstream molecule of the PI3K pathway is the serine/threonine kinase
Akt (also known as protein kinase B), which stimulates the proliferation and survival
of stem cells and CSCs [332, 333]. Indeed, upregulated PI3K-Akt signaling is common
in a wide spectrum of tumors [334-339], and it is indispensable for the increased self-
renewal and tumorigenicity of CD133" cancer cells [163].

Mechanistically, as demonstrated in glioma cells, Src-dependent phosphorylation of
CD133 at cytoplasmic residue Y828 promotes its interaction with the PI3K p85 subu-
nit, leading to the translocation of PI3K to the plasma membrane and the initiation of
Akt signaling (Fig. 7a), which may promote self-renewal, cell survival and tumorigenic-
ity [163]. Manoranjan and colleagues reported an association between overexpressed

Extracellular

e R ane

W Foxi g_
Y828 PI3K ofFak —(psrc S
phosphorylation ® / \ ®® P phosphorylation/activation

(sre 4
Q
[ axt |
¢

Self-renewal ‘ « Cytoskeleton reorganization
Cell survival Cell motility and invasiveness

Tumorigenesis T Metastasis

J
Fig. 7 Phosphorylated CD133 regulates the PI3K-Akt and Src-FAK signaling pathways. a The Src-dependent
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domain in the latter, resulting in the translocation of the kinase to the plasma membrane and the
phosphorylation of PIP, to yield PIP;. Accumulation of the PIP; enables Akt to interact via its pleckstrin
homology (PH) domain with the plasma membrane (PM), resulting in a conformational change in the Akt
kinase domain, which allows the phosphorylation of a critical residue required for Akt kinase activity by

the 3-phosphoinositide-dependent protein kinase 1 (PDK1). The mammalian TOR complex 2 (mTORC2)
also phosphorylates Akt, promoting its kinase activity. It should be noted that PDK1 binding to PIP; is not
essential for its activity, in contrast to the dependence of Akt on PIP;. Then, the resulting activation of the
PI3K/Akt pathway promotes self-renewal, cell survival and tumor formation. b The phosphorylated tyrosine
852 residue of CD133 directly interacts with Src and mediates its activation. The phosphorylated (p)-Src
protein phosphorylates, and then forms a complex with, the FAK protein, triggering EMT-related events and
cytoskeletal reorganization. This leads to increased cell motility and invasiveness, among other processes.
Inhibition of Src activity by PP2, a known Src activity inhibitor, blocks the activation of FAK phosphorylation
and cell migration induced by CD133 (not shown). lllustration in panel a is adapted from Ref [163], while in
panel b is based on data from Ref [352]
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CD133 and elevated levels of phosphorylated Akt and Wnt in glioblastoma cell lines
[340]. Phosphorylated Akt, which inhibits glycogen synthase kinase-3 activity through
its phosphorylation at serine 9 [341], may lead to stabilization of B-catenin and thus
mediate CD133-Akt-Wnt signaling axis activity, resulting in increased proliferation
and self-renewal potential of CD133" cells [340]. Thus, as a putative cell surface recep-
tor, CD133 may mediate Akt-dependent activation of Wnt signaling, which may drive
glioblastoma tumor-initiating cells in the brain [340]. The CD133-dependent interplay
between pathways might explain the correlation of CD133 with progression and recur-
rence of brain cancer and poor survival for patients [31, 309, 342].

In thyroid cancer, the activation of Src kinase is facilitated by the close proximity of
CD133" cancer cells to acetylcholine-secreting neurons [343]. The released acetylcho-
line binds to the M3R acetylcholine receptor of thyroid cancer cells, which induces the
activation of Src through the phosphorylation at Y416. The latter promotes Y828 phos-
phorylation of CD133 and activation of the PI3K/Akt pathway, leading to increased
resistance of thyroid cancer cells to cytotoxic CD8" T cells [343]. In melanoma, the same
phosphorylation of CD133 conferred chemoresistance to an alkylating agent, namely,
fotemustine, via the activation of both the PI3K/Akt/mitogen-activated protein kinase-1
and PI3K/mouse double minute 2 pathways [344].

Tyrosine 852 phosphorylation of CD133 activates Src-FAK signaling

EMT is a reversible shift in the epithelial phenotype of a cell toward the mesenchymal
phenotype, allowing migration of originally adherent cells [345]. Phosphorylated Src
kinase (p-Src) controls the onset of EMT in many tumors [346, 347]. Active Src signal-
ing leads to the disintegration of cell-cell adhesion; promotes cell invasiveness, motility,
and proliferation; induces the reorganization of the cytoskeleton; and affects the tumor
microenvironment [348].

A link between Src signaling and CD133 has been suggested in the head and neck
squamous cell carcinoma (HNSCC). CD133% HNSCC cells exhibited higher levels of
p-Src and concurrently displayed properties of mesenchymal cells, such as lower expres-
sion of E-cadherin and higher expression of vimentin, fibronectin, and transcription
factors OCT4 and NANOG [164]. Moreover, the suppression of PROM1I transcription
downregulated p-Src and favored the acquisition the epithelial phenotype associated
with E-cadherin re-expression and OCT4 and NANOG depletion in HNSCC cells [164].
Yet, this phenotype switching did not seem to involve the Src SH2-binding motif, as the
expression of the CD133 Y828F mutant did not impair Src activation. The authors there-
fore proposed that other tyrosine residues in CD133, including Y852, may be the main
sites of regulation of Src activity.

One of the p-Src downstream molecules is FAK, a cytoplasmic tyrosine kinase
involved in integrin signaling [349, 350]. Once activated, FAK and Src form a Src-FAK
complex, which facilitates actin remodeling and cell motility and hence promotes the
invasiveness of cancer cells [346, 348, 351]. In this context, CD133™" cells of the SW620
colorectal carcinoma cell line exhibited high levels of phosphorylated FAK and Src that
were decreased after the knockdown of CD133 expression [352]. This relationship was
further supported by the demonstration that CD133 phosphorylated on tyrosine Y852
interacted with Src, leading to Src activation and subsequent formation of a Src-FAK
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complex which stimulates the invasive behavior of these cancer cells (Fig. 7b) [352].
Altogether, the presence of several tyrosine residues in the IC3 of CD133, with two of
them being encoded by a facultative exon, suggest that signaling cascades could be dif-
ferentially mediated depending on the cellular context.

CD133, HDAC6, and Wnt/B-catenin signaling

Wnt proteins (the name of which was derived from Drosophila Wingless and mouse Int
proteins [353]) are signaling molecules that orchestrate tissue development [354, 355] by
regulating the expression of target genes as well as by modifying the cytoskeleton or the
mitotic spindle [356, 357]. Activation of the Wnt pathway stabilizes B-catenin, a canoni-
cal Wnt downstream molecule, which is then translocated from the cytoplasm to the
nucleus, where it forms a complex with members of the TCF family of transcription fac-
tors and initiates the transcription of f-catenin-TCF-dependent genes [355].

Wnt signaling has been implicated in the early phase of human hair follicle mor-
phogenesis [358]. During this phase, CD133 expression in a subset of invaginating
placode cells was associated with Wnt activation [359]. In early placodes, CD133 was
detected in adherens junctions rich in E-cadherin and p-catenin, while in later phases,
its expression was spatially and mechanistically correlated with a reduction in mem-
brane -catenin and E-cadherin levels, a crucial process for proper adherens junction
disassembly, suggesting a functional role for CD133 in placode remodeling [359]. The
link between CD133 and E-cadherin was supported by Brossa and colleagues, who pro-
vided evidence showing that CD133 directly bound E-cadherin and -catenin to form a
complex restraining the p-catenin degradation [360]. Stabilized B-catenin in turn acti-
vated a regeneration program by initiating the transcription of Wnt pathway-responsive
genes in cisplatin-damaged kidney tubular cells [360]. In the same line, a Glis3/CD133/
Wnt signaling axis implicated in the maintenance of the self-renewing capacity of these
cells, was uncovered in mouse pancreatic colony-forming units [361]. In general, CD133
seems to be an important upstream regulator of the Wnt signaling pathway in various
normal tissues, which in turn may promote CD133 expression via p-catenin-TCF/LEF
complex-binding sites present in the PROM1 gene.

Indeed, the activity of the Wnt pathway is most likely also modulated by CD133 in
tumor cells [33, 309, 310]. While the silencing of CD133 expression leads to a suppres-
sion of the Wnt pathway, inhibition of Wnt signaling results in the downregulation of
CD133 expression [289, 362]. In a metastatic melanoma cell line, the downregulation
of CD133 expression mediated by short hairpin RNA was associated with an upregula-
tion of Wnt pathway inhibitors (e.g., Dickkopf-related protein 1 and Dishevelled binding
antagonist of B-catenin 1) [363]. Similarly, CD133-depleted metastatic melanoma and
ovarian carcinoma cell lines displayed low basal Wnt signaling and a very limited nuclear
localization of B-catenin, which was restored after supplementation with the exogenous
ligand Wnt3a [289, 362].

As mentioned above, CD133 interacts with another modulator of Wnt signaling,
HDACS6 [190, 359, 362], a cytoplasmic histone deacetylase involved in the regulation
of B-catenin stability and microtubular remodeling [364, 365]. Besides its interactions
with acetylated microtubules, polyubiquitinated misfolded proteins and dynein motors
[364, 366, 367], HDACS6 binds via its second catalytic domain to the CD133 IC1, and
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of a tripartite complex involving HDAC6 and -catenin, leading to the stabilization of the latter, which

may then translocate to the nuclear compartment, where it activates the expression of genes, notably

those associated with the Wnt/B-catenin pathway via its interaction with the TCF/LEF transcription factor.

The interaction between CD133 and HDAC6 is mediated by IC1 and potentially lysine (K) 138 (numbered
according to the splice variant s2). b Treatment of cells with tubacin, a specific inhibitor of HDAC6 deacetylase
activity, leads to the degradation of acetylated 3-catenin (Ac) and thus the impairment of transcriptional
activity, while CD133 is endocytosed and degraded upon its transport to the endolysosomal compartment.
Therefore, CD133/HDAC6/(R-catenin interactions will have an impact on cancer cell proliferation and
differentiation. Illustrations in panels a and b are adapted from Ref [362]

thus stabilizes CD133 and prevents its degradation in the endosomal-lysosomal path-
way [190, 362]. Indeed, CD133 creates a ternary complex with HDAC6 and B-catenin
at the plasma membrane that protects the HDAC6 activity, thereby reducing p-catenin
acetylation and degradation [362]. This action favors the translocation of B-catenin to
the nuclear compartment, and subsequently influence the gene regulation (Fig. 8a) [362].
This process depends on HDAC6 deacetylase activity, as treatment with tubacin, a spe-
cific inhibitor of HDAC6 deacetylase activity [368], led to the degradation of acetylated
[-catenin (Fig. 8b). Mechanistically, given that the phosphorylation of HDAC6 has been
associated with a decrease of its deacetylase activity [369] and that phospho-mimicking
mutants of HDACS failed to interact with CD133, it has been suggested that the interac-
tion of HDAC6 with CD133 prevents the loss of HDAC6 activity by impeding HDAC6
phosphorylation, thereby increasing its 3-catenin-stabilizing and nuclear transfer effects,
essential steps to induce the expression of Wnt/[-catenin target genes [362].

CD133 and TGF-f/Smad2 signaling
The TGF-B family of cytokines comprises more than thirty secreted proteins that are
highly conserved among a broad group of organisms [370]. By binding to specific receptors
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on the cell membrane, TGF-f cytokines regulate diverse cellular processes from prolifera-
tion, adhesion, differentiation, and metabolism to cell death. TGF-f receptors act as heter-
odimeric serine/threonine protein kinases, which phosphorylate the C-terminal domain of
Smad proteins. Once phosphorylated, Smad proteins form a heterocomplex that is trans-
located to the nucleus and activates the transcription of target genes [370]. Aside from
the implication of TGF-p in the regulation of CD133 expression in cancer (see above), an
intriguing relationship between CD133 and TGF-B/Smad signaling has been observed
in a study focused on peripheral axon regeneration after crush injury [371]. CD133 is
expressed on dorsal root ganglia neurons and is developmentally downregulated. After
injury, neuronal intrinsic signals trigger a regenerative program for axonal regrowth and
CD133 was found to regulate this regenerative potential. Indeed, CD133 interacted with
activin-like kinase (ALK) 4, a type I TGF-P receptor, to synergistically induce phospho-
rylation of Smad2, which regulates the expression of genes involved in lipid metabolic
pathways. Notably, among a set of differentially expressed genes in response to neuronal
injury, the downregulation of those associated with cholesterol biosynthesis was specifi-
cally observed after CD133 overexpression (Fig. 9) [371]. Thus, this CD133-dependent
regulation of cholesterol metabolism associated with TGF-B/Smad signaling may explain
the involvement of CD133 as a neuronal intrinsic factor responsible for the regulation of
axonal regenerative potential. This exciting example of CD133-related regenerative pro-
cesses highlights the fact that this lipid raft-associated protein not only directly organizes
membrane topology by interacting with membrane cholesterol and gangliosides, but also
regulates, in association with certain signaling pathways, sterol and lipid metabolisms.

CD133 Extracellular
O milieu

Downregulation of

s .
Axon st s cholesterol metabolism
T regeneration — associated genes o
\ isgy,
y/ / / Nucleus

Dorsal root )
“-..___ganglia neuron.
Cross section of spinal cord
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Fig. 9 CD133 regulates cholesterol metabolism and peripheral axon regeneration through TGF-3/Smad2
signaling. Mouse dorsal root ganglion crush injury induces the formation of functional ALK4, a TGF-3 type |
receptor that binds to its ligand activin, a TGF- superfamily member and a determinant of axon regenerative
capacity. At the plasma membrane, the interaction of ALK4 with CD133 stimulates the phosphorylation of
Smad2, which inhibits, after translocation into the nuclear compartment, the expression of genes involved

in cholesterol metabolism, thereby promoting a positive effect on axon regeneration. lllustration is based on
data presented in Ref [371]
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In a murine model of liver fibrosis, Lee and colleagues reported that CD133 was
upregulated in the plasma membrane of fibrotic liver hepatocytes and could interact
via its IC1 domain with the N-terminal domain of Smad7 [372], a feedback inhibitor
of TGE-f signaling that prevents the TGF-$-induced phosphorylation of Smad2/3 [373,
374]. This CD133-Smad7 interaction inhibited the SMURF2-induced ubiquitination of
Smad7 and increased its half-life, resulting in a reduction in the TGF-B-induced liver
fibrosis and apoptosis rates of hepatocytes [372]. It is of note that an opposite role for
CD133 in fibrogenesis has been proposed on the basis of another murine model of liver
injury, where the profibrogenic activity of TGF-$ depended on the presence of CD133
[375]. Differences in the identification of CD133-expressing cells, i.e., whether CD133
expression was restricted to progenitor cells or extended to hepatocytes, may account
for this discrepancy [372, 375].

During liver regeneration after injury, cytokine IL-6 secreted upon inflammation acti-
vation binds to the IL-6 receptor complexed with the signal transducer glycoprotein
130 (gp130) on hepatocytes and triggers various downstream signaling pathways [376].
Recent evidence suggests that CD133 in hepatocytes positively regulates IL-6 signaling
by interacting via its EC1 with gp130. This interaction recruits gp130 to lipid rafts, con-
sequently promoting IL-6-induced STAT3 phosphorylation, and thus cell proliferation
and liver regeneration [377].

CD133-radixin signaling regulates cAMP-mediated PKA activation

Spatiotemporal organization of signaling pathway components is a complex process
involving intermolecular interactions. Scaffolding proteins play indispensable roles in
maintaining the organization of all molecular components. Radixin, a member of the
A kinase-anchored protein family, is a scaffolding protein that binds to cyclic adenosine
monophosphate (cCAMP)-dependent protein kinase A (PKA) to enable phosphoryla-
tion of downstream targets [378]. In the mouse liver, radixin mediated the interaction
between PKA and proteins involved in glucagon-initiated gluconeogenesis [20, 379].
Interestingly, mouse CD133 directly interacted with radixin through its C-terminal
domain and recruited the radixin-PKA complex to the proximity of the glucagon G pro-
tein-coupled receptor and adenylyl cyclase at the plasma membrane [20]. This resulted
in the activation of adenylyl cyclase and production of cAMP that promoted the separa-
tion of the PKA regulatory subunit from the catalytic subunit, which in turn phospho-
rylated key initiators of gluconeogenesis [20].

CD133-MAPK/ERK signaling

The crucial role of mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) signaling in cell proliferation, growth, and differentiation is well docu-
mented [380]. In a pancreatic carcinoma cell line, CD133 interacts with the ERK1/2/
Src complex to enable signal transduction mediated through endothelial growth factor-
stimulated ERK1/2 to downstream mediators, including slug (also known as snail fam-
ily transcriptional repressor 2) [381]. Activation of Slug leads to subsequent N-cadherin
expression, which is accompanied by the acquisition of an invasive and pro-metastatic
phenotype. Moreover, both ERK1/2 and Src are able to positively regulate the expres-
sion of CD133 and thus further promote the CD133-dependent activation of EMT
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[381, 382]. A similar feedback loop between the MAPK pathway and CD133 expression,
which directly affects self-renewal and tumorigenesis, has been described in hepatocel-
lular carcinoma cell lines treated with C-X-C motif chemokine ligand (CXCL)3 [383].
CXCL3 promoted ERK1/2 phosphorylation and the subsequent phosphorylation of the
transcription factor ETS proto-oncogene 1, leading to CD133 upregulation. Upregulated
CD133 then acted as an upstream activator of CXCL3 and stimulated the growth of
hepatocellular carcinoma cells [383].

The importance of CD133-MAPK/ERK signaling in EMT has also been confirmed
in vivo. When compared with CD133~ counterparts, mouse CD133" melanoma cells
were observed to preferentially interact with tumor endothelial cells and establish meta-
static foci [143]. The positive regulation of CD133 expression by Notchl was shown to
lead, via CD133-dependent MAPK activation, to the upregulation of activator protein 1
transcription factor, which in turn initiated the expression of matrix metalloproteinases
2 and 9 as well as vascular endothelial growth factor, promoting metastatic potential and
tumorigenesis in mouse models [143].

Conclusion and perspectives

Since its discovery in 1997, the study of CD133 has been an active field covering a wide
range of biological topics. In particular, this molecule has been studied in relation to
stem cells and CSCs, as well as photoreceptors biogenesis. CD133 has rapidly garnered
considerable interest as a prognostic marker and potential target in cancer therapy
despite little information about its molecular function in physiological and pathological
conditions. Naturally, some conflicting data have been reported as a matter of course.
Although there is still no agreement regarding the function of this cholesterol-binding
membrane protein, CD133 appears to be involved in a wide array of cellular processes
that may be hijacked by cancer cells. These diverse areas nonetheless converge to suggest
a fundamental role for CD133 in the dynamics of the cell membrane, including the activ-
ity of membrane protrusions, notably the primary cilium, and the release of EVs.

Emerging findings related to various subcellular locations of CD133 (i.e., in membrane
protrusions, including microvilli, primary cilium and midbody, or in pericentrosomal
and perinuclear regions as well as its inclusion in the nucleus) call for further study of
its role(s) in these diverse compartments, and of the mechanisms regulating its intra-
cellular trafficking. As the activation of molecular pathways orchestrating cancer cell
self-renewal and metastasis, such as the PI3K-Akt and Src-FAK pathways, depends on
the tyrosine phosphorylation status of CD133, particular attention to this specific post-
translational modification may be worthwhile. Although the kinases and tyrosine phos-
phatases involved have been characterized, the conditions under which these processes
are triggered are not fully understood. To fill this gap, we face the challenge of study-
ing the spatiotemporal characteristics of CD133 phosphorylation and associated signal
transduction, which may provide important insights into the role of CD133 in different
cellular compartments.

CD133" EVs, derived from both normal and cancer cells, have garnered considerable
attention in recent years, with ongoing research into the clinical potential of these par-
ticles for the diagnosis and monitoring of pathological conditions such as neurodegen-
eration and other neurological disorders. As reviewed herein, by the means of CD133"
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EVs delivering various pro-tumorigenic cargoes, cancer cells may communicate to the
healthy cells in their vicinity, or at distant sites, the instruction for malignant transfor-
mation. From a therapeutic perspective, selective targeting of CD133 with inhibitory
anti-CD133 antibodies or small-molecule drugs may, not only eliminate cancer cells
[384], but also prevent the release, spreading or uptake of CD133" EVs and thus disrupt
tumor tissue growth, and possibly the process of metastasis [272]. A better understand-
ing of the contribution of CD133 to the biogenesis of CD133" EVs is crucial for develop-
ing these therapeutic approaches.

As we learned in the past two decades, the mechanisms by which CD133 affects
various signaling pathways and cellular processes are diverse and largely relate to the
inherent involvement of CD133 at cell membranes as well as to its posttranslational
modifications. Therefore, it is important that in future, researchers pay close attention
to the subcellular localization of CD133 and its phosphorylation status when report-
ing correlational or even mechanistic findings describing the role of CD133. Only this
detailed information may prevent the misuse of CD133 as a universal marker of cells
with stem cell properties, as currently seen in many cancer and stem cell studies. Finally,
this knowledge should accelerate ongoing efforts to exploit CD133 in cancer treatment
and regenerative medicine.
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