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ABSTRACT

Cancer stem cells (CSCs) are a small subset of stem-like cells inside tumors, which possess abilities
of unlimited self-renewal, differentiation and proliferation. Extensive studies have suggested that CSCs
are one of the major drivers of tumor initiation, metastasis, relapse and therapeutic resistance. Several
regulatory networks including transcriptional programs and various signaling pathways tightly control
the stemness, proliferation and differentiation of CSCs. Emerging evidence has indicated that post-
translational modifications, especially ubiquitination, play a critical role in maintenance of CSC properties.
In this review, we summarize current understandings on E3 ubiquitin ligase-mediated regulation of
transcription factors and key signaling pathways involved in the regulation of CSCs, and discuss the

strategy to target CSCs and E3 ubiquitin ligases for combating cancers.
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Introduction

Tumor heterogeneity is a well-known phenomenon that
tumor cells derived from different tumors or the same tumor
exhibit distinct genotypes and phenotypes, which increases
the complexity of cancer diagnosis and treatment (1).
Over the past several decades, a few models have been
brought up to explain tumor heterogeneity including the
predominant cancer stem cell (CSC) model (2), which
states that among masses of cells inside a tumor, only a
small portion of cells exhibit tumor initiation power (also
termed tumor-initiating cells) (3).

In supporting of the CSC model, as early as 1800s,
Virchow and Cohnheim postulated that tumors would be
rooted from the embryonic cells in the body of “embryonic
rests” (4). In 1997, Bonnet and Dick provided the first
evidence to demonstrate that CSCs exist in acute myeloid
leukemia (AML). They found that a subset of patient-
derived AML cells were capable of initiating AML in
immuno-suppressed mice (5). To date, CSCs have been
isolated from breast, colon, ovary and many other solid
tumors (6). Currently, it is broadly acknowledged that
CSCs play critical roles in tumor initiation, metastasis,
relapse and especially therapy resistance (7). CSCs could

Received: Feb 12, 2020; Accepted: Mar 3, 2020.

© The Author(s). 2020 This is an Open Access article distributed under the terms of the
Creative Commons License (http:/creativecommons.org/licenses/by/4.0/) which permits
unrestricted use, distribution, and reproduction in any medium or format, provided the
original work is properly cited.

promote radioresistance and chemotherapy resistance via
various mechanisms in different cancers, which provide
CSCs with a survival advantage (8). Therefore, better
understanding in CSC biology will facilitate targeting
CSCs as a novel approach to combat cancers.

Cancer Stem Cells

CSCs are defined as a minority subset of cells within
tumors, which have similar features as normal stem cells
including self-renewal and differentiation, plus ability
to form tumors (Figure 1) (9). CSCs may be originated
from normal stem cells through accumulations of genetic
alterations, which results in aberrant signaling and enables
normal stem cells to obtain constitutively proliferative
ability, leading to tumorigenesis (10). For example,
introduction of the mutant p53 in breast cancer mouse
model enhances breast cancer progression largely in part
because of the expansion of mammary stem cells (11).
CSCs may also arise from transformation of somatic
cells through reprogramming network controlled by
transcription factors. One of milestone findings in the stem
cell research field is the generation of induced pluripotent
stem cells (iPSCs) by Takahashi and Yamanaka in 2006.
They found that over-expression of transcription factors
Oct3/4, Sox2, c-Myc and KIf4 is sufficient to convert the
mouse adult somatic cells into pluripotent embryonic-
like cells under embryonic stem cell (ESC) culture
conditions (12). Later studies have identified more critical
pluripotency factors that can generate human iPSCs
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including Nanog (13, 14), LIN28 (15) and Glis1 (16) (Figure 1).
These proteins are aberrantly activated in many cancers
and CSCs. Notably, a recent study showed that over-
expression of SOX2, POU3F2, OLIG2 and SALL2
transcription factors could convert the differentiated
glioblastoma cells into fully tumorigenic CSCs (17).

Importantly, several core stemness signaling pathways
including Notch, Wnt/B-Catenin, Hedgehog, JAK/STAT
and NF-kB pathways (Figure 1) are involved in the
regulation of CSC properties (18). These pathways are
aberrantly activated in CSCs and associated with CSC-
mediated tumorigenesis including leukemia, breast
cancer, lung cancer and other solid tumors. For example,
the activated form of STAT3 was significantly upregulated
in breast CSC-like cells and inhibition of STAT3 resulted in
decreased breast CSC proliferation and clonogenicity (19, 20).
These stemness pathways cooperate with pluripotency
factors to maintain CSC properties. Interestingly, the
JAK/STATS3 signaling and OCT4 have a positive feedback
loop: activation of STAT3 upregulates the mRNA levels
of OCT4, while OCT4 could boost the activation of the
JAK/STAT3 pathway (21, 22).

Ubiquitination System

Post-translational modifications (PTMs) are the key
contributors to proteome diversity by conferring various
functions on proteins. Ubiquitination is one of the most
studied PTMs, which covalently conjugates the small protein
ubiquitin (Ub) to the lysine residues (23). Ubiquitination
process is a sequential enzymatic cascade consisting of
three types of enzymes: ubiquitin-activating enzymes
(termed Els), ubiquitin-conjugating enzymes (termed
E2s) and E3 ubiquitin ligases (termed E3s) (Figure 2) (24).
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The E3s are the critical components responsible for the
recognition of substrates and determination of substrate
specificity. It is predicted that there are more than 600 E3s in
human, which can be classified into three major subfamilies:
the RING (really interesting new gene) E3s, the HECT
(homologous to the E6AP carboxyl terminus domain) E3s,
and the RBR (RING-between-RING) E3s (25). These E3s
are frequently deregulated in various human diseases and
are emerging as attractive therapeutic targets (26).

Ubiquitination pathway regulates protein functions in
many ways: marking them for proteasomal-mediated
degradation, alteration of their cellular locations, and
modulation of protein interactions (25). Ubiquitin can
form seven types of poly-ubiquitin linkages on substrates
through seven lysine residues (K6, K11, K27, K29, K33,
K48 and K63), which serves as different signals to control
protein functions. It is widely accepted that K11- and K48-
poly-ubiquitin linkages are the proteasome degradation
markers, while K63-poly-ubiquitin linkage serves as a
non-proteolytic modification in regulating protein activity,
localization and signaling transduction (27). Therefore,
ubiquitination pathway controls many fundamental
biological processes such as replication, transcription and
cell signaling transduction that regulate cell proliferation,
apoptosis and tumorigenesis. In addition, ubiquitination
pathway is a critical determinant of CSC cell fate, which
regulates the activation of pluripotency factors and
stemness signaling pathways (28).

Regulation of CSC-Related Factors by Ubiquitination
As the abundance of pluripotency factors is the key decider

of cell fate, the expression of these factors may be regulated
at DNA, RNA and protein levels. Notably, more than 80% of
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Figure 1. A schematic representation of key transcription factors and molecular signaling pathways involved in CSCs.
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proteins in cells are degraded by the ubiquitin-proteasome
system (UPS) (29). A mass of evidences suggests that the
UPS plays a critical role in controlling CSC properties via
regulating the abundance of CSC-related proteins (Table 1).

Oct3/4 (POUSF1)

The proper protein levels of Oct3/4 determine distinct
cell fate of ESCs. A study has found that down-regulation of
Oct3/4 leads to loss of pluripotency, whereas less than two-folds
up-regulation of Oct3/4 causes differentiation (30). Similarly,
higher Oct4 expression promotes CSC expansion and
tumorigenesis in breast cancer mouse model (31). In
bladder cancer patient samples, higher expression levels
of Oct4 are observed in more advanced cancers and
contribute to poor survival (32). A few E3 ubiquitin
ligases have been reported to control the Oct4 protein
stability. WWP2, a HECT-type E3, interacts with and
ubiquitinates Oct4 for 26S proteasomal degradation upon
the differentiation of ESCs (33). Itch, another HECT-type
E3, catalyzes K63-linked poly-ubiquitination of Oct4,
which enhances Oct4 protein stability. Depletion of Itch
decreases Oct4 expression and significantly suppresses
ESCs and iPSCs (34). A recent study has also found
that the E3 ligase CHIP (carboxy terminus of HSP70-
interacting protein) is a novel partner of Oct4, which
promotes Oct4 ubiquitination and degradation via the 26S
proteasome. Depletion of CHIP promotes breast CSCs,
tumorigenesis and tumor metastasis in breast cancer
mouse model. Importantly, a reverse correlation between
the expression of CHIP and Oct4 was observed in breast
cancer patients (35).

Sox2
The stem cell-related transcription factor Sox2 has
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participated in the maintenance of CSCs in a variety of
cancers, including skin and breast cancers. Overexpression
of Sox2 enhances tumor initiation and metastasis (36).
The E3 ligase WWP2 could target methylated Sox2
for ubiquitination and degradation, leading to cell
differentiation (37). Interestingly, the Ube2s, an E2
ubiquitin-conjugating enzyme, mediates the K11-linked
poly-ubiquitination of Sox2, resulting in its degradation
by proteasome (38). More recently, CUL4AP*"°"!
belonging to the Cullin-RING finger E3 family, was reported
to catalyze Sox2 poly-ubiquitination and degradation upon
neural progenitor differentiation (39). These studies indicate
that the E3 ligases of Sox2 may govern cancer progression
through regulating CSC functions.

>

KLF4

The role of the Kriippel-like factor (4KLF4) in cancers
is context-dependent. It is a tumor suppressor and
down-regulated in gastric cancer, liver cancer and lung
cancer, whereas it is upregulated in breast cancer and
osteosarcoma (40). CSC-enriched spheroid breast cancer
cells display higher expression of KLF4. Consistently,
overexpression of KLF4 increases CSC population and
tumorigenesis in breast cancer (41). The abundance of
KLF4 can be regulated by several E3 ubiquitin ligases.
FBXO032, a member of SCF E3 ligase subfamily,
suppresses breast tumorigenesis by promoting
ubiquitination and degradation of KLF4 (42). Mule
(Mcl-1 ubiquitin ligase E3), a HECT-type E3, could target
KLF4 for degradation to promote entry into S phase and
enhance proliferation of T cells (43). Interestingly, the
protein levels of TRAF7 (tumor necrosis factor receptor-
associated factor 7) are elevated in liver cancer, which is
inversely correlated with the KLF4 expression. Further

Figure 2. A schematic representation of the ubiquitin-proteasome system.
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Table 1: The summary of E3 ligases in regulation of CSC-related proteins

study demonstrates that TRAF7 functions as an E3 ligase
of KLF4 to promote KLF4 degradation and enhance
cancer progression (44). Therefore, these E3 ligases may
be responsible for the deregulation of KLF4 in various

cancers.

STEMedicine 1(3).e37. JUL 2020.

CSC-related protein E3 ligase Effect Reference
Transcription Factors
WWP2 Degradation 33
Oct3/4 (POUSF1) ITCH Degradation 34
CHIP Degradation 35
WWP2 Degradation 37
Sox2
COP1 Degradation 39
FBXO032 Degradation 42
KLF4 Mule Degradation 43
TRAF7 Degradation 44
Fbw7 Degradation 48-51
B-TRCP Stabilization 52
c-Myc
HectH9 Enhanced activity 53
KCTD2 Degradation 54
SPOP Degradation 57
Nanog
FBXWS Degradation 58
LIN28 TRIM71 Degradation 61
Notch Signaling Pathway
Fbw7 Degradation 64, 66
Notch
Itch Degradation 67
DLL], DLL4, MIB1/MIB2 Degradation 68
JAGL, JAG2 NEUR1/NEUR2 Degradation 68
‘Wnhnt Signaling Pathway
FZD, LRP6 ZNRF3, RNF43 Degradation 71,72
Itch Degradation 74
DVL
NEDD4L Degradation 75
B-TRCP Degradation 76
B-catenin
RNF146 Degradation 77
Smurfl Inactivation 78
Axin
SIAH1 Degradation 79
APC RNF61 Degradation 80
Hedgehog (Hh) Signaling Pathway
Smurfl, Smurf2 84
PTCHI1
Itch 85
SMO Unknown Degradation 86, 87
Fbx117 Degradation 88
SuFu
Itch/B-arrestin2 Inactivation 89
GLII B-TRCP Degradation 93
B-TRCP Partial degradation 90,91
GLI2/3
SPOP Degradation 92
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c-Myc

The transcription factor c-Myec is a well-known oncogene
that is overexpressed in more than 40% of human cancers.
It controls all hallmarks of cancer including genome
instability and sustaining proliferation (45). Extensive
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studies demonstrate that c-Myc serves as a key factor in
the maintenance of CSCs. Inhibition of c-Myc leads to a
decrease in CSC population by inducing senescence (46).
UPS-mediated degradation of c-Myc represents a main
mechanism for controlling its abundance. c-Myc has a short
protein half-life, approximately 20-30 minutes (47). There are
several E3 ubiquitin ligases responsible for the regulation
of c-Myc expression. The E3 ligase Fbw7 (F-box and
WD repeat domain-containing 7) could promote c-Myc
degradation, which requires prior phosphorylation by
glycogen synthase kinase 3 (GSK3) (48). In a chronic
myeloid leukemia mouse model, knockout of Fhw7
elevates c-Myc protein to re-initiate the cell cycle in
leukemia-initiating cells (49-51). Interestingly, another
F-box E3 ligase B-TRCP catalyzes K63-linked poly-
ubiquitination on c-Myc, which stabilizes c-Myc
protein by inhibiting Fbw7-mediated degradation (52).
The HECT-domain E3 ligase HectH9 also catalyzes
poly-ubiquitination of c-Myc with K63 linkage and
consequently enhances c-Myc protein stability, promoting
cell proliferation (53). The KCTD2 (potassium channel
tetramerization domain-containing 2), a Cullin3-based
E3, was also reported to promote degradation of c-Myec.
Deletion of KCTD2 elevates c-Myc protein levels and
confers CSC properties to glioma cells (54). Other E3
ligases including Skp2, TRIM32, Fbx29 and CHIP also
control c-Myec stability.

Nanog

Nanog is upregulated in various cancers and CSCs and
correlates with the stage and prognosis of cancers (55).
Overexpression of Nanog enhances pluripotency and
unlimited proliferation of CSCs (56). Recent studies
have revealed that Nanog can be ubiquitinated and
subsequently degraded by SPOP, a Cullin 3-based E3,
leading to stemness loss of prostate cancer cells (57). The
FBXW8 (F-box and WD40 domain-containing protein 8)
induces stem cell differentiation by targeting Nanog for
degradation (58).

LIN28

LIN28 is another reprogramming factor that can
promote pluripotency by suppressing expression of
microRNA let-7. LIN28 is an evolutionarily conserved
RNA-binding protein that is highly expressed in ESCs
and CSCs. It plays a critical role in the regulation of CSC
pluripotency and is considered as a marker of CSCs.
Depletion of LIN28 eradicates CSCs in ovarian cancer.
Aberrant expression of LIN28A/LIN28B is observed in
more aggressive cancers, and contributes to poor prognosis
and drug resistance in certain cancer types (59, 60).
TRIM71, a member of the tripartite-motif (TRIM) E3
family, negatively regulates LIN28B protein stability via
ubiquitin-mediated proteasomal degradation, which leads
to tumor suppression (61). However, it is largely unknown
how LIN28 protein stability is regulated by other E3
ligases.

Regulation of Stemness Signaling Pathways by
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Ubiquitination

PTMs are the heart of the signaling transduction, which
can confer distinct functions to proteins in response to
various environment changes (62). Ubiquitination, one of
the most common PTMs, is a key player in controlling the
activation of core stemness signaling pathways (Table 1).

Notch Signaling Pathway

The Notch signaling pathway is evolutionarily conserved
from Drosophila to human. It has important roles in
dictating development, tissue renewal, tumor initiation
and metastasis. Canonical Notch signaling involves
two adjacent cells expressing the Notch receptors and
the ligands. Four Notch receptor paralogues (Notch1-4)
and five Notch ligands (DLL1, DLL3, DLL4, JAGI and
JAG2) were identified in mammals (63). Both Notch
receptors and ligands can be regulated by ubiquitination.

The Notch intracellular domain (NICD) contains a
PEST domain (rich in proline, aspartic acid, serine and
threonine residues) that can be recognized by E3 ligases.
Upon activation, the NICD is promptly ubiquitinated and
degraded by the E3 ubiquitin ligase Fbw7 in mammals
and its ortholog SEL-10 in Caenorhabditis elegans (64).
Constitutively active form of Notch with deletion of
the PEST domain has been observed in some T-cell
acute lymphoblastic leukemia (65). Moreover, loss
of Fbw7 in neural stem cells (NSCs) elevates Notch
protein levels, leading to imbalance between self-
renewal and differentiation, and finally aberrant brain
development (66). Interestingly, the non-activated Notch
is ubiquitinated with K29-linkage by Itch/AIP4 E3
ubiquitin ligase and subsequently subjected for lysosomal
degradation (67). Studies have also showed that DLLI,
DLL4, JAGI and JAG2 undergo ubiquitination mediated
by the RING family E3 ligases, MIB1/MIB2 and NEUR1/
NEUR2, which trigger ligand endocytosis (68). Despite
advances in understanding the roles of ubiquitination in
Notch signaling, it is unclear how these events contribute
to CSC and cancer progression.

Whnt Signaling Pathway

Similar to the Notch pathway, the Wnt signaling pathway
is another key cascade in controlling stemness and
malignant growth. It is hyper-activated in different types
of cancers particularly colorectal cancer. Notably, high
Wnt activity is considered as a marker of colon cancer
stem cells and promotes CSC expansion through up-
regulation of its downstream targets including CCNDI1,
FOXM1, MYC and YAP/TAZ (69). The core components
of canonical Wnt signaling pathway include receptor
Frizzled (FZD), co-receptors LRP5/6, the scaffolding
protein Dishevelled (DVL), the major effector B-catenin
and destruction complex containing Axin, APC and
GSK3p and casein kinase (CK1a) (70). These components
can be regulated by the ubiquitination system, which
contribute to the temporal and spatial regulation of Wnt
signaling pathway activation.

Studies have showed that the zinc and ring finger 3
(ZNRF3) and ring finger 43 (RNF43) E3s target FZD
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and LRP6 for ubiquitination-dependent lysosomal
degradation, leading to a decrease of FZD receptor at the
cell surface (71, 72).

Multiple E3s are involved in regulation of the DVL
protein stability. The Cullin-3 based E3 ligase, KLHL12,
promotes DVL poly-ubiquitination and degradation in
the absence of Wnt (73). Itch, a HECT-type E3, promotes
ubiquitination and degradation of phosphorylated DVL
depending on the PPXY motif and the DEP domain of
DVL (74). The NEDDA4L catalyzes the K6-, K27- and
K29-linked atypical ubiquitin chains for targeting DVL
degradation (75). Without the Wnt ligands, B-catenin
is phosphorylated by the destruction complex and
subsequently recognized and ubiquitinated by -TRCP (76).

As a key determinant of the destruction complex, the
expression of Axin is tightly controlled. Poly-ADP-
ribosylated Axin can be recognized and ubiquitinated
by the RING E3 ligase RNF146, leading to Axin
degradation (77). Smurfl, a HECT-type E3, catalyzes
non-proteolytic K29-linked ubiquitin chains on Axin
and consequently impairs Axin interaction with LRP5/6,
leading to shutdown of the Wnt signaling pathway.
Interestingly, Itch-mediated ubiquitination of Axin is
cell-cycle-dependent (78). More recently, a study has
found that in the presence of Wnt stimulation, the seven
in absentia homolog 1 (SIAH1) competes with GSK to
bind and degrade Axin, providing a positive feedback
activation of the Wnt signaling (79). Ubiquitination also
governs the protein levels of APC to control the function
of the destruction complex. Overexpression of MKRN1
E3 ligase induces ubiquitination and degradation of APC.
In contrast, knockout of MKRN1 leads to accumulation of
APC, which suppresses Wnt pathway activation and cell
migration (80).

In addition to the ubiquitination-mediated protein
turnover, APC and DVL also undergo K63-linked non-
proteolytic poly-ubiquitination, while Axin can form K29-
linked poly-ubiquitination, all of which are important for
the activation of Wnt signaling (81). As most of these E3
ubiquitin ligases are deregulated in cancers, these studies
offer a possible explanation for the aberrant activation of
Wnt signaling in CSCs and various cancers.

Hedgehog (Hh) Signaling Pathway

The controlled Hh signaling pathway is crucial for
embryogenesis and proper organ growth. Its aberrant
activation may promote tumorigenesis, tumor metastasis and
drug resistance, which has been documented in leukemia,
pancreatic cancer and many other solid tumors (82).
Accumulating evidence demonstrates that the Hh pathway
is critical for the maintenance and expansion of CSCs. The
expression of the core Hh pathway components, including
SMO, PTCH1, GLI2/3 and SuFu, is significantly up-
regulated in CSCs (83). Growing evidence suggests that
deregulation of ubiquitination on these components is a
predominate cause for the aberrancy of the Hh signaling
pathway.

PTCHI1 contains two PPXY motifs in the cytoplasmic
C-tail, which mediates its interaction with Smurfl1/2,
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Nedd4, WWP2 and Itch that are HECT-type E3s.
Upon Shh stimulation, the expression of Smurfl/2 is
up-regulated and targets PTCH1 for degradation by
catalyzing poly-ubiquitin chains with K48 and K63
linkages. Knockout of Smurf1/Smurf2 in mice impairs
Shh-induced cerebellar organogenesis (84). In the absence
of Hh signaling, Itch targets PTCH1 for ubiquitination and
degradation (85). Although Nedd4 and WWP2 interact
with PTCHI, they do not regulate PTCH1 stability.

SMO can be poly/mono-ubiquitinated, resulting in its
degradation by lysosome or 26S proteasome, which is
inhibited by Hh stimulation (86, 87). However, the E3
ligases of SMO have not been identified yet.

Sufu is a tumor suppressor and a negative regulator
of the Hh signaling pathway by sequestering GLI
transcription factors in the cytoplasm. In response to
Shh ligand, Sufu is ubiquitinated and degraded by E3
ligase Fbx117 (F-box and leucine-rich repeat protein 17),
leading to the activation of Hh signaling. Knockdown
of Fbxl117 leads to the accumulation of Sufu protein and
reduction of tumor growth (88). SuFu also undergoes non-
proteolytic K63-linked poly-ubiquitination catalyzing by
the Itch/B-arrestin2 complex, which is inhibited by the
Hh signaling. This event enhances SuFu interaction with
GLI3 and keeps Hh signaling off, contributing to tumor
suppression (89).

The ubiquitination modification of GLI transcription
factors negatively regulates Hh pathway activation. In the
absence of Hh, E3 ligase f-TRCP binds and ubiquitinates
phosphorylated GLI2/3 that is mediated by kinases PKA,
GSK3p and CK1. As a result, GLI2/3 are partially degraded
to generate the repressor form (90, 91). In the presence of
Hh, Cul3-based E3 ligase SPOP could target the activated
full-length form of GLI2/3 for ubiquitination-mediated
proteasomal degradation, which serves as a negative
feedback regulation of Hh pathway activation (92).
Interestingly, B-TRCP also targets GLI1 for complete
proteolysis, without generation of the repressor form (93).

Other Stemness Signaling Pathways

The ubiquitination modification also has important
functions in governing the activation of other stemness
pathways including the NF-«B, JAK/STAT and PI3K/
AKT pathways, which has been well discussed in other
reviews (94-96).

CSC-Targeting Therapies

As CSCs are a key factor conferring drug-resistance,
tumor recurrence and metastasis, targeting CSCs is
becoming a potential and promising therapeutic approach.
Growing evidence indicates that inactivation of CSC-
related transcription factors or signaling pathways can
significantly suppress cancer progression and increase the
cellular sensitivity to chemotherapy and radiotherapy in
preclinical studies. To this end, many CSC-targeted agents
have been developed and entered clinical trials (Table 2).

Targeting Stemness Pathways
Aberrant activation of stemness controlling pathways



LIU, et al.

STEMedicine 1(3).e37. JUL 2020.

Table 2: The summary of drugs targeting the CSC-related proteins

CSC-related proteins Compound Development phase Reference

Oct3/4 (POUSF1) KRIBBS53 Preclinical 110
MYCi361 Preclinical 111
c-Myc 10058-F4 Preclinical 112
GSK525762 Phase I, I 113
LIN28 1632 Preclinical 114
LY3039478 Phase I 115
Notch MKO0752 Phase [ 116

AL101 Phase I, I 117,118
FZD, OMP-18RS5 (Vantictumab) Phase | 119
DVL NSC668036 Preclinical 120
PRI-724 Phase I, II 121
B-catenin E7368 Phase | 122
BC-2059 Phase I 123
Axin IWR-1-endo Preclinical 124
Vismodegib FDA approved 125
SMO Patidegib Phase 111 126
Taladegib Phase I, 1T 127

leads to the unlimited self-renewal and proliferation of
CSCs, eventually tumorigenesis and drug resistance.
Therefore, targeting these pathways might be a promising
strategy to abrogate CSCs and cancers. One of the major
Notch pathway inhibitors is the y-secretase inhibitor
(GSI), which comprises the formation of matured NICD
by blocking proteolytic cleavages of Notch receptors.
GSI has demonstrated strong anti-tumor activity in
part by inducing apoptosis of CSCs (97). Combination
of GSI with 5-fluorouracil enhances the inhibition on
clonogenicity and tumorigenicity of CSCs (98). The
Hh inhibitor vismodegib that targets SMO was used to
clinically treat basal cell carcinoma and approved by the
US Food and Drug Administration in 2012 (99). Many
Wnt pathway inhibitors targeting FZD receptors, DVL
and B-catenin are in early clinical trials (100).

Targeting CSC-related Transcription Factors

It is a historical challenge to directly target transcription
factors for cancer therapy because the inhibitors targeting
protein-DNA interaction are difficult to develop as drug-
like properties (101). However, emerging research
evidence demonstrates that targeting the epigenetic
signaling has the potential to be an effective approach
for diminishing CSCs (102). Overexpression of JMJD3,
a histone H3K27me3 demethylase, decreases OCT4
expression, which results in diminished CSCs and
restarted tumor growth in breast cancer (103). BET
inhibitor, JQ1, which competes BRD4 binding with
acetylated histones at the enhancer of c-Myc, markedly
decreases its expression, resulting in suppression of
tumor growth in multiple cancer models (104, 105). Thus,
inhibitors of epigenetic programming that suppress the

https://doi.org/10.37175/stemedicine.v1i3.37

expression of CSC-related transcription factors, might
overcome drug resistance by abrogating CSCs.

Targeting CSC-related E3 Ubiquitin Ligases

As most of CSC-related E3 ubiquitin ligases are
frequently defective in cancers, small molecules are
needed to restore their expression and function. The
milestone for targeting E3 ligases is the development of
proteolysis-targeting chimeras (PROTACS) technology.
Mechanically, PROTAC is a bifunctional molecule
that bridges an E3 ubiquitin ligase and a target protein,
promoting ubiquitination and degradation of the target
protein by the hijacked E3 ligase (106). Notably,
PROTAC S including dBET1 and ARV-825 could hijack
the E3 ubiquitin ligase cereblon to bind BRD4, resulting
in more robust degradation of c-Myc, apoptosis induction
and tumor growth compared to BET inhibitors (107, 108).
It was also reported that oridonin, a natural diterpenoid
compound, could induce Fbw7 expression and GSK-
3 activation, resulting in degradation of c-Myc (109).
Therefore, reactivation of defective E3 ubiquitin ligases
by either PROTAC possesses great potential for pursuing
effective therapeutics.

Conclusions and Perspectives

All of the above illustrative examples highlight the role
of E3s in control of CSC features and functions on cancer
progression. However, knowledge on the ubiquitination
and CSCs is far away to be completed. For example, E3
ubiquitin ligases controlling the stability of many CSC-
related proteins have not been identified or limited,
including Nanog, LIN28 and FZD. Moreover, whether
and how the non-proteolytic ubiquitination regulates
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CSC biology remains largely unknown. Protein-protein
interaction analyses and genome-wide CRISPR screen
will contribute to address these questions.

A growing amount of evidence suggests that E3s are
potential targets for cancer therapy. Although it is at the
early stage for the exploration of inhibitors or activators
targeting E3 ubiquitin ligases, the results from preclinical
studies and clinical trials thus far are highly promising
and encouraging. Particularly, PROTACs offer an
excellent opportunity to restore the function of E3 ligases
for degrading many undruggable oncoprotein targets
including transcription factors. For example, the cancer-
derived SPOP mutants fail to bind its substrates, such
as Nanog and GLI2/3. Developing PROTACs for SPOP
might restore its ability to target these oncoproteins.
Therefore, better understanding the E3 ubiquitin ligases
and CSCs will facilitate identification of novel therapeutic
targets and approaches to combat cancers.
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