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Abstract

Cancer stem cells (CSCs) were first discovered in the 1990s, revealing the mysteries of cancer origin, migration, recur-
rence and drug-resistance from a new perspective. The expression of pluripotent genes and complex signal regula-
tory networks are significant features of CSC, also act as core factors to affect the characteristics of CSC. Transcription

is a necessary link to regulate the phenotype and potential of CSC, involving chromatin environment, nucleosome
occupancy, histone modification, transcription factor (TF) availability and cis-regulatory elements, which suffer

from ambient pressure. Especially, the expression and activity of pluripotent TFs are deeply affected by both internal
and external factors, which is the foundation of CSC transcriptional regulation in the current research framework.
Growing evidence indicates that regulating epigenetic modifications to alter cancer stemness is effective, and some
special promoters and enhancers can serve as targets to influence the properties of CSC. Clarifying the factors

that regulate CSC transcription will assist us directly target key stem genes and TFs, or hinder CSC transcription
through environmental and other related factors, in order to achieve the goal of inhibiting CSC and tumors. This paper
comprehensively reviews the traditional aspects of transcriptional regulation, and explores the progress and insights
of the impact on CSC transcription and status through tumor microenvironment (TME), hypoxia, metabolism and new
meaningful regulatory factors in conjunction with the latest research. Finally, we present opinions on omnidirectional

targeting CSCs transcription to eliminate CSCs and address tumor resistance.
Keywords CSC, Transcription regulation, TF, Signaling pathways,epigenetics, DNA elements, TME

Background

CSC regulates cancer behavior to influence treatment
outcomes and brings important and promising targets.
The process of expressing stem genes in CSC involves
transcription, post transcription, translation, and post
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translation stages, and the transcription process is of
paramount importance and has an impact on other
stages. Aiming to summarize the diverse links and tar-
gets of CSC transcription regulation, we mainly searched
the PubMed database for literature related to CSC tran-
scription over the past 5 years, and comprehensively
discussed strategies and suggestions for targeting CSC
transcription.

Introduction

CSCs possess self-renewal and differentiation properties
analogous to normal stem cells thus bringing high tumo-
rigenic potency [1]. Tumors are considered to have hier-
archical structure and the CSCs are located at the apex
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in CSC model [2]. CSCs occupy a very small amount in
tumor tissue, and they have similar TFs and signaling
pathways compared to stem cells in healthy tissues [3, 4].
One prominent hallmark of CSCs is asymmetric division,
which generates more CSCs and specially-differentiated
daughter cells [5, 6]. Another important feature of CSCs
is epithelial-mesenchymal transition (EMT), a revers-
ible cellular process that temporarily puts epithelial cells
in a quasi-mesenchymal state. Conversely, the result-
ing mesenchymal cells can restore to an epithelial state,
known as mesenchymal-epithelial transition (MET) [7].
New insights suggest that EMT can manifest as a mixed
state of two processes, defined as epithelial mesenchymal
plasticity (EMP), which enables CSC to achieve higher
stemness [8]. After tumors have formed, CSCs tend to
exist in a dormant state or GO phase and be relatively
static [4, 9]. CSCs have the capacity to transition between
static and proliferative states [10]. It is shown that qui-
escent human glioblastoma (GBM) cancer stem cells are
activated and accelerate the transition to a proliferative
state after chemotherapy [11]. Besides, CSCs can not
only secrete vascular endothelial growth factor (VEGF)
or convert into vascular progenitor cells to induce angio-
genesis, but also invade and infiltrate blood vessels and
lymphatic vessels to achieve metastasis and dissemina-
tion [12]. In addition, owning to a comprehensive DNA
repair system, enhanced DNA damage response (DDR)
and decreased apoptosis, CSCs appear to be more resist-
ant to the environment for therapy [13]. It is obvious that
complicated tumor heterogeneity mainly originates from
CSCs, and various malignant behaviors of tumors are
integrally linked to CSCs, including tumorigenesis, pro-
gression, metastasis, drug resistance and recurrence [14].

The characteristics of CSC is closely related to the
expression of pluripotent genes and the role of pluripo-
tent TFs. Therefore, the understanding and regulation
of CSC transcription is an important prerequisite for
eliminating cancer stemness and treating cancer. Tran-
scription in living cells is a highly dynamic and explosive
process characterized by sporadic bursts interspersed
with hours of inactivity [15].The transcriptional regula-
tion of eukaryotes involves various molecules and mech-
anisms, including TFs (able to bind DNA, locate RNA
enzymes, and recruit other regulatory factors), epigenetic
modifications (alter the DNA and proteins of chromo-
somes through chemical modifications) [16, 17], genomic
DNA elements (able to bind proteins) [18]. TF residence
time and concentration have an impact on the frequency
of bursts [19], which is considered as key controllable
factor in transcription. The type and degree of epigenetic
modifications have a significant impact on transcrip-
tional activity, and diverse DNA elements are involved
in the initiation and enhancement of transcription. In
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addition, RNA polymerase can regulate the size and effi-
ciency of transcription bursts, responsible for stochastic
fluctuations in protein levels [20], affecting the exertion
of biological functions, but there is limited research in
CSC. It is exposed that the microenvironment has bi-and
unidirectional interactions with the plasticity of tran-
scriptional heterogeneity, including hypoxia, metabolic
alterations, and immune stress [21]. A study on GBM
uncovers the spatial interdependence between tumors
and hosts, confirming that environmental pressure can
trigger adaptive transcription programs. This provides
a theoretical basis for regulating CSC transcription
through ambient pressure.

Targeting CSCs for treatment is a highly promising
strategy to address the challenges of tumor resistance
and recurrence. CSC can be inherited from stem cells in
normal tissues or produced by mutations, and its state
varies with the occurrence and development of tumors,
while also having a decisive role in tumor behavior [22].
It is reasonable to alter the signaling and fate of CSC by
clarifying its transcriptional regulation, thereby eliminat-
ing CSCs and preventing metastasis. With the proposal
and development of spatiotemporal molecular medicine,
further study on transcriptional regulation of CSC will
assist us understand the development of drug resistance
and seek new therapeutic drugs and methods [23]. Here,
we will describe the transcriptional regulation charac-
teristics of CSC from various aspects and how to target
these stages to obtain therapeutic benefits.

TFs and signaling pathways in the transcriptional
regulation of CSC

CSC TFs can regulate the expression of stem genes by
combining with the enhancer or promoter sequence on
DNA, which is significant for the occurrence, invasion
and metastasis of tumors [24]. A variety of signaling
pathways in CSC can activate the expression of related
TFs and facilitate the stability of TF protein to maintain
the undifferentiated state and the nature of CSCs, or
directly combine with DNA to promote the expression
of stem genes and oncogene [4, 9]. Next, we will demon-
strate the characteristics and effects of diverse TFs and
signaling pathways regulating transcription in CSCs, and
the schemes and benefits targeting them will be explored.

Some embryonic TFs and signaling pathways are
re-expressed or reactivated in CSC

The similarities between the processes of embryonic
development and cancer have been discovered early.
Research set about comparing the key signals and regula-
tory mechanisms in embryo and cancer, a lot of relevant
and mature conclusions have been obtained. Figuring out
the functions of these main TFs and signaling pathways is
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conducive to a better understanding of the characteristics
and status of CSCs.

Pluripotent TF
In embryonic stem cells (ESC), several pluripotent TFs
are involved in normal organogenesis and control of
cell fate, including octamer-binding transcription fac-
tor 4 (OCT4), sry-related HMG box 2 (SOX2), NANOG,
kruppel-like factor 4 (KLF4) and MYC [25], which can
reprogram somatic cells to become induce pluripotent
stem cells by transient ectopic overexpression [4, 26].
Accumulating studies have revealed that pluripotent TFs
are almost inhibited in adult tissues but overexpressed in
invasive cancer, regulating the biological activity of CSCs
and endowing them with many characteristics [25, 27].
Intervention against these TFs is a considerable approach
for targeting CSC through transcriptional regulation.
OCT4, SOX2 and NANOG are considered as key regu-
latory factors to maintain the self-renewal, proliferation
and differentiation of CSCs [28]. OCT4 is a member of
Pit-Oct-Unc transcription factor family, encoded by
POUSF1 gene, which is overexpressed in CSCs of vari-
ous cancers [29]. A study of head and neck squamous cell
carcinoma (HNSCC) reported that OCT4 was involved
in the self-renewal of CSCs and DNA damage induced
by irradiation, thus promoting the radiation resistance
of tumor [30]. Experiments have revealed the transcrip-
tional mechanism of OCT4 to maintain the stemness of
GBM. The palmitoylation of OCT4A (a variant of OCT4)
prevents it from lysosomal degradation and contributes
to the integration of SOX2 enhancer region, promot-
ing the tumorigenicity of glioma stem cells (GSCs) [31].
In addition, OCT4 has been shown to induce CSCs to
produce vascular endothelial cells and participate in the
angiogenesis of hepatocellular carcinoma (HCC) [32].
A number of studies manifest that OCT4 is an indis-
pensable stem TF in CSCs. SOX2 plays a crucial role
in the early development of ESCs and cancer progres-
sion, belonging to the SOX gene family characterized by
high mobility group (HMG) domain [33]. There is evi-
dence that nicotine can induce the expression of SOX2 to
enhance the self-renewal of CSCs in non-small cell lung
adenocarcinoma (NSCLC), and OCT4 may act on this
process [34].By inhibiting the expression of SOX2, the
characteristics of CSC can be repressed, making breast
cancer cells sensitive to tamoxifen [35]. These studies
demonstrate that SOX2 is a significant TF that mediates
the proliferation and drug resistance of CSCs. NANOG
is a differentiated homeobox (HOX) domain protein and
one of the essential transcription factors in CSCs [36].
It is reported that NANOG is upregulated in sarcoma
CSCs and promotes the formation of sarcoma cells, mak-
ing it resistant to chemotherapy and radiotherapy, and
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this resistance can be overcome by inhibiting NANOG
[37]. After the interaction of Abelson interaction factor
2 (ABI2) and TF MEOX2, MEOX4 and NANOG pro-
moter regions bind to activate transcription, promoting
the phenotype of CSCs and inducing tumor recurrence
in HCC [38]. NANOG has been shown to be involved in
tumor recurrence and treatment resistance. Moreover,
the above three pluripotent TFs are beneficial for pro-
moting EMT [39, 40], and correlate with the survival rate
and prognosis of patients [41].

KLF4 and MYC are also cohesively involved in the
transcriptional regulation of stem cells, development
and cancer. KLF4 is a zinc-finger-containing TF, which
contributes to embryonic development and stem cell
generation and exists in a variety of human tissues [42].
KLF4 directly binds to the promoter to up-regulate the
expression of LAMA4, which ultimately enhances the
malignant behavior of osteosarcoma cells and inhib-
its apoptosis [43]. Knockdown of KLF4 impairs the
osteosarcoma CSCs and inhibits the osteosarcoma cells
migration [44]. In contrast, KLF4 was significantly down-
regulated in oxaliplatin resistant colorectal cancer (CRC)
cells [45]. The sensitivity of CRC cells to radiotherapy
was enhanced and the stemness of CSCs was reduced
after targeting KLF4 [46]. KLF4 plays a role in different
types of cancer as oncogenic or anticancer factor. MYC
family proteins (C-MYC, N-MYC, L-MYC) are essential
to maintain the properties of ESCs and CSCs [25], and
the overexpression of MYC often leads to tumorigen-
esis. Research exposed that MYC combined with SLUG
promoter activated the transcription, which increased
the expression of OCT4 and NANOG, and enhanced
the characteristics of CSCs in breast cancer [47]. The
combination of MYC-Interacting Zinc Finger Protein
1 (MIZ-1) and C-MYC can improve the efficacy of the
pro-autophagy factor AMBRAI promoter, which will
affect the stemness, growth and migration of CSCs in
medulloblastoma (MB) [48]. MYC is unable to regulate
transcription alone but works together with other genes
and regulatory factors to exert effect on CSCs and cancer
progression [49].

In addition, FOXM1, the only member of forkhead
box protein M subfamily, has gradually accumulated
abundant evidence for the regulation of CSCs. FOXM1
affects the temporal and spatial expression of genes
during embryonic development while maintaining the
homeostasis and repair in adult tissues [50]. FOXM1 has
been reported to be dysregulated in a variety of CSCs
[51]. In gastric cancer (GC) and nasopharyngeal carci-
noma, FOXM1 induces the characteristics of CSCs and
enhances the tumorigenicity [52, 53]. It is proved that
FOXM1 is down-regulated in CSCs of pancreatic cancer,
thus making it sensitive to chemotherapy [54]. Growing
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studies indicate that FOXM1 acts as vital TF to regulate
the properties of CSCs.

Developmental signaling pathways

It has been identified that five common signaling path-
ways are expressed in ESCs and CSCs, which endow
CSCs with the properties of proliferation and differen-
tiation. They consist of Wnt/ B-Catenin, Notch, hedgehog
(Hh), Hippo and TGF-p pathways, called oncofetal driv-
ers [25, 55].

Wnt pathway is a key regulator of embryonic develop-
ment and adult tissue differentiation, and also an effective
driver of cancer [56]. The typical Wnt signal is transmit-
ted to the nucleus through Frizzled (atypical G protein
coupled receptor, GPCR) and LRP5/6 (LDL receptor
related protein), which activates the intracellular protein
Dishevelled (DVL) and inhibits the degradation activity
of B-Catenin degradation complexes formed by serine-
threonine protein kinase GSK3p [57]. With accumulation
and translocation of p-Catenin, the expression of MYC
and other stem genes is up-regulated to induce CSC
proliferation [57, 58]. Atypical Wnt signal is transmitted
to cells through Frizzled or ROR1/2 (receptor tyrosine
kinase-like orphan receptor), which activates TFs of cyc-
lins to induce CSC dormancy and fight apoptosis [57].

Notch signaling pathway is involved in growth and
development, while acting as carcinogenic signal or
tumor suppressor according to tumor type and stage [59,
60]. After the Notch ligand binds to the Notch recep-
tor on the cell membrane, they undergo three cleavages
and transforms into the Notch intracellular domain
(NICD), which translocates to the nucleus and binds to
the TF——CSL (CBF-1/suppressor of hairless/Lagl) [60].
CSL undertakes DNA binding and additional TFs recruit-
ment to regulate gene expression. Five Notch ligands
have been identified in humans, namely delta-like ligand
1 (DLL1), delta-like ligand 3 (DLL3), delta-like ligand 4
(DLL4), Jagged-1 (JAG1), and Jagged-2 (JAG2), which
respectively mediate distinct cell activities [4, 60].

Hh pathway regulates the process of organogenesis
and tumorigenesis, which is a complex signal network.
There are three kinds of Hh family protein in mammals:
Sonic hedgehog (Shh), Indian hedgehog (Ihh) and Desert
hedgehog (Dhh). The components of typical Hh pathway
include extracellular Hh ligand, twelve-span transmem-
brane protein Patched (PTCH1 and PTCH2), GPCR
family transmembrane protein Smoothened (SMO),
intermediate transduction molecules and Glioma-associ-
ated oncogene homolog (GLI) family of TFs (GLI1, GLI2
and GLI3) [4, 61]. In the presence of Hh ligand, the inhi-
bition of PTCH on SMO is relieved, then SMO activates
GLI to regulate the expression of target genes [61, 62].
GLI1 only acts as a transcriptional activator, enhancing
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the expression of SOX2 and NANOG to promote the for-
mation of tumorsphere [63, 64]. GLI2 has dual functions
but mainly activates transcription [4, 63], which can pro-
mote the stemness of renal cell carcinoma [65]. GLI3 is a
transcription inhibitor that affects the growth and migra-
tion of cancer cells [66], and its knockdown reduces the
stemness of oral squamous cell carcinoma [67].

Hippo pathway plays a major role in development and
cancer [68]. Hippo involves kinase cascade reaction,
and extracellular signal transduction affects MST1/2
(serine threonine kinase3/4) and LATS1/2 (large tumor
suppressor kinasel/2) through various upstream acti-
vators or inhibitors [69]. After the dephosphorylation
and nuclear translocation of YAP/TAZ (Yes-associated
protein/trascriptional coactivator with PDZ-binding
motif) are induced, various TFs, especially the transcrip-
tional enhanced associate domain (TEAD) family, can
be combined to guide gene expression (include OCT4
and NANOG) [70]. The decrease of YAP/TAZ level can
down-regulate the expression of SOX2 and other stem
genes in small cell lung cancer (SCLC) CSCs, thereby
enhancing chemosensitivity and cell death [71].

Transforming growth factor B (TGF-B) mediates
embryogenesis and adult function, mainly uses SMAD
protein as a receptor to regulate target genes with other
signal proteins [72]. TGF-B can induce EMT and medi-
ate the expression of phenotype proteins in CSCs, which
promote the metastasis and progression of cancer
(73, 74].

Crosstalk of distinct TFs and signaling pathways regulates
the transcription of CSCs

Multiple TFs are comprehensively activated to induce
CSC function. After the interaction between pal-
mitoylated OCT4a and SOX4, the activity of SOX2
enhancer is increased to regulate the CSCs of GBM [31].
And the overexpression of SOX2 increases the expression
of key pluripotent factors OCT4 and NANOG [75]. It is
exposed that the phase separation of NANOG and TAZ
promotes the transcription of SOX2 and OCT4 to main-
tain CSCs stemness [76]. Besides, MYC can contribute to
the up-regulation of OCT4 and NANOG [47].

Various signaling pathways work together to maintain
CSC properties. In the noncanonical Notch signaling
pathway, NICD can be independent of CSL and inter-
act with Wnt, Hippo or TGF-p Pathways to regulate the
transcription of target genes [60]. The findings show
that p-Catenin activity depends on YAP signal transduc-
tion and controls CSC program in basal breast cancer,
which reflects the connection between Wnt pathway and
Hippo pathway [77]. During the EMT program induced
by TGEF-p signal, Notch, Shh, Hippo and Wnt pathways
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were observed to be activated and linked, and Notch sig-
nal served as a key driver [78].

TFs interact with signaling pathways flexibly. It is
shown that the activation of Wnt/B-Catenin pathway can
up-regulate the expression of OCT4/NANOG in CSCs
of NSCLC, which induce multi-drug resistance (MDR)
and EMT [79]. The combination of SOX2 and B-Catenin
improves the nuclear expression and transcriptional
activity of S-Catenin, which is conducive to mediating
the characteristics of CSCs and chemical resistance in
CRC [39]. FOXM1 can enhance the stability of p-Catenin
to activate Wnt pathway, thus affecting the stemness of
GC [52]. An experiment suggest that Notch signal can
induce SOX9 expression to promote SOX2 transcription,
and SOX2 up-regulation reduces the methylation level
of NOTCH1 promoter, which form a positive feedback
loop to control the invasion of CSCs into the white mat-
ter tract in GBM [80]. As mentioned above, downstream
TF of Hh pathway——GLI, can enhance the expression
of SOX2 and NANOG to regulate CSC stemness [63, 64].

It is remarkable that several other considerable sign-
aling pathways participate in the transcription of CSCs
and form a complex regulatory network. Numerous
cytokines and growth factors transmit signals through
JAK/STAT (Janus kinase/signal transducer and activa-
tor of transcription) pathway, including tyrosine kinase
related receptors, tyrosine kinase JAK and TF STAT [81].
When JAK/STAT pathway is activated, STAT combines
with cyclin promoter to enhance transcription, which
can maintain CSC growth and reduce DNA damage in
CRC [82]. Downstream effector molecules of JAK/STAT
pathway include SOX2, NANOG and other stem TFs
[83], STAT3 has been proved to promote up-regulation
of Wnt ligand transcription [84]. Moreover, it is found
that C-MYC/AMBRAL/STAT3 axis regulates cancer
stemness and invasion potential in MB [48].

PI3K/AKT/mTOR pathway is rarely studied in CSCs,
but it is reported to be cross linked to a variety of TFs
and signaling pathways. The components of PI3K/AKT/
mTOR pathway are phosphatidylinositol-3-kinase (PI3K),
serine/threonine kinase (AKT, acts as key effector),
mammalian target of rapamycin complex (mMTORC, com-
posed of mTOR, raptor, mLST8, PRAS40 and DEPTOR)
[85]. The PI3BK-AKT-mTOR cascade reaction is involved
in regulating the activity of p-Catenin and several TFs
(SOX4 and FOXO3) binding to p-Catenin [86]. The Wnt
signal can interact with PI3K-AKT-mTOR pathway to
co-regulate the expression of MYC, Hippo pathway also
become a tie to link them [86]. In addition, it is reported
that inhibiting AKT1/2 reduces NANOG expression in
sarcoma CSC to reverse chemotherapy resistance [37],
NANOG mediates the radio-resistance of tumor cells
through AKT and Notch pathways partially [87].
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NEF-xB (nuclear factor-kappa B) pathway is a series
of TFs composed of five protein members—p65, RelB,
c-Rel, NF-kB1 and NF-kB2, which is related to inflamma-
tion and cancer [88]. NF-kB pathway directly regulates
the transcription of MYC and promotes the stem phe-
notype of esophageal squamous cell carcinoma (ESCC)
[89]. The phosphorylation of AKT activates NF-kB and
enhances NF-«B nuclear translocation, affecting the pro-
gression of EMT and promoting ovarian cancer metasta-
sis [90]. Research suggests that OCT4 may pass through
AKT-NF-«B pathway to regulate angiogenesis in CSCs of
HCC [32].

Peroxisome proliferator-activated receptor (PPAR) is a
nuclear TF induced by ligands that plays a role in metab-
olism and cancer, including PPARa, PPARB/d and PPARY
[91]. PPAR« is responsible for activating Wnt/B-Catenin
signaling to initiate CSCs in HCC [92]. PPARS is capable
of binding to the NANOG promoter and enhancing the
expression to amplify CSCs and promote CRC metastasis
[93].

Fibroblast growth factor/FGF receptor (FGF/FGFR)
signaling regulates the proliferation and differentiation
of various types of cells, overexpressing and mutating in
tumors [94]. FGF signaling is not dependent on any exog-
enous Wnt or TGF regulation and serves as the main reg-
ulator of self-renewal in CSCs [95]. The release of FGF2
induces zinc finger E-box binding to homologous box 1
(ZEB1) and SOX2 through FGFR1 signaling to maintain
the CSC of GBM [96]. YAP1 up-regulates FGFR1 expres-
sion at transcription level (in the promoter) via the TEAD
binding site, while bEFGF/FGFR1 induces YAPI expres-
sion through LATS]1, revealing the connection between
the FGF pathway and the Hippo pathway in CSCs [97].
An intriguing finding suggests that FGFR2 interacts with
AKT to maintain the differentiation status of non-CSC
cells in ESCC [98].

TFs and signaling pathways interfere with each other,
jointly regulating CSC characteristics at the transcrip-
tional level, and have been reported in various types of
common cancers. Based on the dysregulation of different
TFs and signaling pathways in various types of cancer,
we have summarized the impacts and effects on CSC in
extensively studied cancer types (Table 1).

Targeting TFs or signaling pathways in CSCs

In order to target TFs to regulate the transcription of
CSCs and obtain clinical benefits, there are several meth-
ods and strategies as follows: (1) Directly blocking the
combination of TFs and DNA; (2) Targeting TFs mRNA
to regulate the level; (3) promoting TFs degradation by
post-translational modification (PTM); (4) effects on TFs
transcription and activity by modulating various signal-
ing pathways; (5) inhibition of cell markers that regulate
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TFs gene expression; (6) Inducing ambient pressure such
as metabolism, hypoxia and immune response to cause
TFs inactivation (Fig. 1). Next, the experiments and
evidences of (2), (3), (4) will be listed, and the relevant
contents of (1), (5), (6) will be demonstrated in other
paragraphs.

mRNA of TFs in CSCs as a target for regulation

There are various measures to target TFs mRNA in CSCs
to modulate the level, thereby having an impact on the
transcriptional regulation of CSCs, including non-coding
RNA, RNA binding protein (RBP), and RNA modifica-
tions (Fig. 1B).

MicroRNAs (miRNAs) are a class of small non-coding
RNA molecules that regulate gene expression by degrad-
ing mRNA through RNA induced silencing complex
(RISC) formed by binding to 3’ UTR elements in mRNA
[102]. MiRNAs can be used as tumor suppressor or
tumor promoter, the correlation with miRNA and CSCs,
EMT and drug-resistance has been widely studied [103].
It is reported that miRNA can directly target the inacti-
vation of NANOG mRNA, or affect the related TF and
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pathways to indirectly regulate NANOG expression (such
as Wnt/B-Catenin, Notch and JAK/STAT pathway) [104].
Moreover, the network of TFs and miRNAs cross-linking
is gradually established. Research indicates that miR-
145 exerts anti-stemness and tumor inhibitory effects by
directly targeting OCT4, NANOG, SOX2 and KLF4, con-
versely, these pluripotent TFs can also induce or inhibit
the transcription of diverse miRNAs [27].

LncRNA is a long non-coding RNA with a length
of more than 200 nucleotides. It is a key factor in gene
regulation and also involved in the function of CSCs and
EMT [105]. LncRNA OIP5-AS1 can directly interact with
OCT4 mRNA, enhance the stability of OCT4 mRNA to
increase OCT4 expression, and endow lung cancer cells
with CSC characteristics [106]. The interaction between
IncRNA and miRNA forms a competitive endogenous
RNA (ceRNA) mode and possesses a negative feedback
regulation mechanism. LncRNA can target miRNA
to regulate EMT and the expression of stem factors
NANOG, OCT4, SOX2 and C-MYC, as well as Wnt signal
[107]. LINCO00511 serves as the ceRNA of miR-185-3p to
target E2F1 protein and bind it to the promoter region of
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Fig. 1 Targeting TFs in CSC from multiple perspectives A Directly blocking the combination of TFs and DNA: mainly through epigenetic
mechanisms. B Targeting TFs mRNA to regulate the level: miRNAs target the inactivation of TF mRNA, and TFs mediate miRNA transcription.
LncRNA influences TF mRNA through miRNA and forms ceRNA with miRNA. CircRNA targets TF mRNA through miRNA. RBP binds TF mRNA

to affect the stability and translation. The modification of TF mRNA may play a role. C Promoting TFs degradation by ubiquitination. D Modulating
various signaling pathways to affect TFs transcription and activity by diverse agents: it is effective for the TFs to regulate transcription of CSC

by acting on ligands, receptors, complexes, and other TFs of various signaling pathways. E Inhibiting cell markers that regulate TFs gene expression.
F Inducing ambient pressure such as metabolism, hypoxia and immune response to cause TFs inactivation
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NANOG, thus promoting transcription and enhancing
the stemness of CSC in breast cancer [108].

Circular RNAs (circRNAs) are a major class of single
stranded non-coding RNAs. Its occurrence depends on
the canonical spliceosome mechanism to form circular
conformation, which is stable in cells [109]. CircRNA is
dysregulated in cancer progression and plays a role in
cancer by acting as a sponge for miRNAs and interact-
ing with RNA binding proteins [110]. Current studies
discovered that circRNAs facilitate the characteristics
of CSCs through miRNAs. The experiment proved that
circFAM73A regulated miR-490-3p and recruited stem
cell factor HMGA2 (high mobility A2 group, the down-
stream target of miR-490-3p) to promote the stability of
[-catenin, thereby enhancing the stemness of CSCs and
the drug-resistance in GC [111]. In addition, it is exposed
that circ_ 001680 promotes the population of CSCs and
drug-resistance in CRC by regulating miR-1 to target
stem factor BMI-1 [112]. Last but not least, multiple
studies indicated that gut microbiota regulates CSCs by
targeting diverse TFs(SOX3/4/9, STAT3) through cir-
cRNA/miRNA network [113].

RBP can regulate the modification and translation of
mRNA and affect the processing of miRNA and circRNA,
playing a key role in cancer progression and metastasis
[114]. Musashi-1 (MSI1), as a RBP and a CSC biomarker,
can increase downstream RNA stability and interact
with miRNA, thereby altering the expression and activ-
ity of OCT4 and STAT3 [115, 116]. Studies have shown
that RBP La stimulates the post-transcriptional expres-
sion of TF ZEB1 and mediates TGF-f Induced EMT and
stemness of CSCs [117]. Hu antigen R (HuR), as RBP,
binds to snail mRNA to promote the stability of snail
mRNA and the enhancement of snail protein expression,
which encourages the formation of EMT and CSC in
pancreatic cancer [118].

The modification of mRNA is recognized to have a
direct impact on gene expression and is misregulated in
cancer [119]. Among over 170 identified RNA modifica-
tions, inosine, 5-methylcytosine (m°C) and N6-meth-
yladenosine (m®A) have been shown to coordinate the
regulatory gene network within CSC to influence its fate
[120]. However, there has not been any direct research on
TF mRNA modification in CSCs, but rather a focus on
fat mass and obesity related proteins (FTO). FTO exerts
effect on the characteristics of CSCs in CRC and ovarian
cancer as a demethylase targeting m®A modification of
mRNA [121, 122], which provides inspiration for further
research.

The regulation of TFs in CSC through PTM
Ubiquitination is one of the important types of PTM and
the main focus of current research on regulating the TFs
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of CSC through PTM (Fig. 1C). It is indicated that ubiq-
uitination participates in mediating the transcriptional
regulatory network with CSCs and EMT, E3 ubiquitin
ligase can modulate the expression level of these pluri-
potent TFs by ubiquitination alone or ubiquitination
combined degradation [123]. Due to the undruggable
property of TFs, it is shown that targeting ubiquitin pro-
teasome system (UPS) to inhibit the TFs expression is a
potential alternative strategy [124]. For example, recep-
tor for activated C kinase 1 (Rackl) directly binds to
NANOG, thus preventing it from recruiting E3 ubiquitin
ligase and ubiquitin dependent degradation to maintain
CSC stemness [125].

WB100 targets C-MYC protein degradation through
CHIP-mediated proteasome pathway and is currently
conducting a phase I clinical study for the treatment of
advanced solid tumors (NCT05100251).

The use of signal transduction modulators to regulate

the TFs and properties of CSCs

Multiple signal agents have been developed to block
pathway conduction, which is applied to inhibit CSCs in
distinct tumors (Fig. 1D). And some agents are being put
into clinical trials and are expected to be combined with
anticancer drugs for treatment in the near future.

Wnt signaling pathway inhibitors are widely used,
mainly targeting wnt ligands and receptors, as well as
B-Catenin [126]. Small molecule Wnt inhibitor ICG-
001 can antagonize B-Catenin to inhibit CSCs in CRC
and renal cell carcinoma [127, 128]. XNW7201 has
been considered a potential new drug for advanced solid
tumors due to the ability to block Wnt protein activity,
and corresponding clinical trials have been conducted
(NCT03901950). The inhibitors of the Notch signal-
ing pathway in CSC research mainly target y secre-
tory enzymes or Notch ligands [126, 129]. The use of
Notch inhibitor DAPT (y secretory enzymes inhibitor)
has been shown to reduce the number of renal CSCs
and repress growth [128]. Moreover, it is reported that
NADI-351 is an oral and effective Notchl transcrip-
tional complex inhibitor causing CSC ablation in mouse
model [130]. Some Notch inhibitors have been applied in
clinical trials to prevent cancer growth, such as CB-103
(NCT0574899), Nirogacestat (NCT0556798), AL101
(NCT04973683). The Hh pathway inhibitors applied to
CSCs mainly target SMO and GLI [126, 131]. Experi-
ments indicated that GANT61 as a GLI inhibitor sig-
nificantly reduces the proportion and activity of CSCs
in triple negative breast cancer (TNBC) [132]. A phase I
clinical trial used docetaxel combined with SMO inhibi-
tor (Sonidegib) to treat patients with metastatic TNBC.
These 12 patients have previously received standard
chemotherapy with taxanes and/or anthracyclines, of
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which 3 have achieved clinical benefits, and 1 patient
has experienced a complete reponse [133]. Clinical tri-
als of Sonidegib for the treatment of other advanced solid
tumors are currently underway, such as NCT04007744
and NCT04066504. YAP/TAZ-TEAD acts as a tumor
promoter in the Hippo signaling pathway, which is an
important target for inhibiting the Hippo pathway in
CSCs. YAP1 small molecule inhibitor Vitipofen has
been proved to significantly block CSC properties [134].
The findings manifested that CA3 can represent a new
inhibitor of YAP1 to significantly inhibit YAP1/TEAD
transcriptional activity, targeting radiation-resistant
esophageal adenocarcinoma cells with CSC character-
istics [135]. It is suggested that statins inhibit the Hippo
pathway by accelerating YAP phosphorylation and induc-
ing inactivation in malignant mesothelioma (MM), which
provides a potential choice for targeting CSC [136].
IAG933 can interfere with the interaction between YAP-
TEAD proteins and entered clinical research in 2021 to
treat advanced mesothelioma and other solid tumors
(NCT04857372). In addition, a phase I clinical trial eval-
uating IK-930 (oral TEAD inhibitor) for the treatment
of advanced solid tumor patients has been conducted
(NCT05228015).

Besides, the joint use of signal transduction modula-
tors displays significant effectiveness in hindering CSCs.
For example, GANT61 combined with mTOR inhibition
effectively reduces the viability of CSCs and the sphere
formation of resistant cell lines in pancreatic cancer
[137]. The mixture of Wnt pathway inhibitor PRI-724
and Hh pathway inhibitor vismodegib causes cell cycle
arrest and downregulates the expression of OCT4 in
CSCs [138]. GSK-3p and MEK inhibitors can promote
tumor growth and activate the expression of downstream
Wnt signaling factors, and their combined use has been
shown to affect CSC maintenance and radiation sensi-
tivity in cervical cancer [139]. However, a clinical trial
of RO4929097 (a Notch inhibitor) combined with Vis-
modegib in the treatment of advanced sarcoma showed
that although the combination therapy was well toler-
ated, Vimodegib reduced the plasma concentration of
R0O492909 and did not significantly improve the progres-
sion free survival of patients [140].

Epigenetic in the transcriptional regulation of CSCs

Epigenetics is reversible gene regulation method that
involves variation in non-DNA sequences to affect tran-
scriptional activity, the mechanisms include alterations
in DNA methylation, histone modification, chromatin
remodeling and non-coding RNA [9]. The generation of
CSCs requires a reversible and heritable process to pro-
duce asymmetric division, which is of great significance
for cancer initiation [141]. Epigenetic regulation of DNA
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accessibility and transcription is revealed to be involved
in maintaining the characteristics of CSCs and promot-
ing the occurrence and progression of cancer. Besides,
multiple studies have reported that epigenetic mecha-
nisms can hinder TFs binding to DNA, thereby regulat-
ing the transcription of CSC.

DNA methylation in CSCs

DNA methylation is a chemical modification that silences
genes by introducing methylated groups. It occurs in
CpG dinucleotide and is mainly catalyzed by DNA
methyltransferases (DNMTs, DNMT1, DNMT3A and
DNMTS3B) [142]. Methyl-CpG-binding domain proteins
can recruit histone-modifying and chromatin-remod-
eling complexes to change chromatin structure or DNA
conformation and stability, or affect gene expression by
regulating the recruitment of DNA binding proteins
(TFs) [141, 142]. DNA methylation becomes unstable in
tumors and tends to increase or decrease specifically in
some CpG islands [143].

At present, the research on transcriptional regula-
tion through DNA methylation in CSCs mainly focuses
on the use of DNMT to guide the expression of CSC
markers and stemness factors (Table 2). DNMT1 gen-
erally maintains methylation pattern and inhibits tran-
scription. Targeting DNMT1 to regulate methylation
of the CSC marker brain-expressed X-linked protein 1
(BEX1) can mediate Wnt/B-Catenin signaling to promote
CSC self-renewal in HCC [144]. Experiments proved
that down-regulating DNMT1 to reduce the methyla-
tion level of CpG in NANOG promoter can enhance the
CSC capability of tumor cells, which is confirmed as an
indicator of the conversion of non-CSCs to CSCs [145].
Decitabine is a drug that can consume DNMT1 and has
been applied in multiple clinical trials to evaluate safety
and efficacy, such as NCT03019003, NCT0266418, and
NCT03875287. We can conjecture that hypomethylation
is of great value in CSCs. However, it is intriguing that
OCT4 and NANOG prefer combination with methylated
CpG, which is enlightening for the transcriptional regula-
tion of CSCs [143].

Histone modification in CSCs

Histone is the fundamental structural protein of chro-
matin and forms nucleosome together with packaged
DNA. The amino acid residues in the terminal tail of his-
tone and spherical core domain can be modified to regu-
late gene expression, including methylation, acetylation,
phosphorylation and ubiquitination [141, 147]. Histone
modification can not only induce local structural changes
of chromatin to directly activate or inhibit transcription,
but also bind effector proteins or chromatin remodeling
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Table 2 The DNA methylation disorder of CSCs in distinct cancers
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Cancer types The measures taken to target DNA

Dysregulation in cancer

Effects generated on CSCs and tumors

methylation
GBM knock down SOX2 increase the methylation level inhibit Notch signal transduction and hinder
of the NOTCH1 promoter tumor invasion [80]
HCC use DNMTT1 inhibitor (zebularine); utilize reduce the methylation of BEXT promoter;  induce the activation of Wnt/-catenin
miR-135a to target DNMT1 lower the methylation level of the NANOG  signaling and promote the stemness of HCC
promoter [144]; enhance the CSC capability of tumor
cells and regulate the transition from non-
CSCs to CSCs [145]
CRC use DNMT inhibitor (5-AzaDCQ) down-regulate hypermethylation of SFRPT  inhibit the aggregation and stemness of CSC

and hinder the invasion and distant metasta-
sis of CRC [146]

complexes to indirectly drive genome response [147]
(Table 3).

Histone methylation directly mediates or inhibits the
recruitment of histone binding proteins to promote or
inhibit the transcription of different gene sites, resulting
in local or global changes in cancer [148]. It is reported
that histone 3 lysine 4 (H3K4) trimethylation can posi-
tively regulate transcription, its deletion on OCT4 and
SOX2 motifs restricts the growth and activity of CSCs
in GBM [149]. Histone lysine demethylase 4D (JM]D2D)
reduced the level of histone 3 lysine 9 (H3K9) trimethyla-
tion on the promoter of EpCAM (epithelial cell adhesion
molecule) and SOX9 to enhance their expression, thus
promoting recruitment and trans-activation of B-catenin
and NICD1 [150].

Histone deacetylases (HDACs) are often overexpressed
in cancer, and they have been used as a target in CSCs
to regulate transcription [151]. The deletion of histone
HDACI11 promotes histone acetylation in its promoter
region to increase the transcription and expression of
LKBI, thus activating AMPK signaling pathway and
inhibiting glycolysis pathway, leading to the inactiva-
tion of signaling pathways and disorder of stemness in
CSCs [152]. HDAC?7 inhibits histone 3 lysine 27 (H3K27)
acetylation of super enhancers (SEs) and TFs stemness
related genes in breast cancer stem cells to enhance
transcriptional activity [153]. A combination of DNMT
and HDAC inhibitors was used in mouse models, sig-
nificantly reducing CSC abundance and prolonging the
survival time [154]. A clinical study used HDAC inhibi-
tor Chidamide, Decitabine and immune checkpoint
inhibitors in combination for the treatment of recurrent/
refractory non-Hodgkin’s lymphoma and advanced solid
tumors (NCT05320640).

In addition, histone lactylation has been shown to
directly stimulate chromatin to regulate transcrip-
tion and participate in tumor metabolism [155]. It is
uncovered that the increased lactylation of H3 histone

effectively promotes the progression of HCC and induces
the tumorigenicity of CSCs [156].

Chromatin remodeling in CSCs
Chromatin remodeling refers to the alteration of chroma-
tin packaging state and nucleosome structure and posi-
tion in the process of gene expression, which is regulated
by a variety of complexes and factors, and the mechanism
is not completely clear. Switch/sucrose-nonfermented
(SWI/SNF) chromatin remodeling complex (also known
as BAF complex) exerts effect on human cancer, which
can promote gene activation or inhibit TFs binding [158].
There are few studies on the regulation of CSC tran-
scription by chromatin remodeling (Table 4). The
research shows that carcinogenic MUC1-C protein
directly activates the components of BAF complex up-
regulated by TF E2F1, resulting in the increased expres-
sion of NOTCHI and NANOG, which facilitates the
self-renewal of CSCs in prostate cancer [159]. There is
evidence that Zinc finger and SCAN domain containing 4
(ZSCAN4) induce chromatin remodeling of the pluripo-
tent gene promoter and maintain the phenotype of CSCs,
but the specific relationship is not clear [160].

Non-coding RNA in CSCs

The role of miRNA, IncRNA and circRNA in CSCs has
been described in detail, but there is limited research on
the regulation of CSC epigenetics. Here are pieces of evi-
dences of non-coding RNA in CSC epigenetics. Experi-
ments proved that miR-135a can act on DNMT1 to
reduce DNA methylation of NANOG promoter, thereby
enhancing CSC capacity [145]. LncRNA HotairM1
recruited several TFs into the promoter of its target gene
HOXAI, resulting in histone H3K27 trimethylation and
epigenetic silencing of HOXA1, and then induced H3K27
acetylation at NANOG gene enhancer site to up-regulate
its expression [157]. The accumulation of NANOG fur-
ther inhibits HOXA1, thus forming a mutual regulatory
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Table 4 The chromatin remodeling disorder of CSCs in distinct cancers

Cancer types
remodeling

The measures taken to target chromatin Dysregulation in cancer

Effects generated on CSCs and tumors

Prostate cancer utilize oncogenic MUC1-C protein to acti-

vate BAF complex signal

HNSCC aided by ZSCAN4 induction to facilitate
chromatin remodeling
and NANOG
TNBC utilize oncogenic MUC1-C protein to pro-

mote chromatin remodeling and MYC

induce NANOG expression and drive Notch

lead to a functional histone 3 hypera-
cetylation at the promoters of OCT3/4

promote CSC stemness and tumor progres-
sion [159]

maintain CSC phenotype and increase CSC
frequency [160]

induce the expression of OCT4, SOX2, KLF4  drive the state and stemness of CSC [161]

loop to maintain the development and self-renewal of
CSCs [157]. In addition, it is reported in previous study
that IncTCF7 recruits SWI/SNF complexes onto the pro-
moter of TCF7 to trigger TCF7 expression and activate
Wnt signaling subsequently, thereby enhancing the tum-
origenic ability of liver CSCs [162].

DNA elements of CSCs

The cis-acting elements involved in gene activation and
transcriptional regulation in DNA are mainly promoters
and enhancers. Promoter is a DNA sequence recognized,
bound and transcribed by RNA polymerase, which has
a highly flexible transcription initiation site (TSS) archi-
tecture [163]. Promoter DNA sequence and its binding
sites to specific TFs regulate transcription and mediate
gene expression variability [164]. Enhancers can acti-
vate or enhance gene transcription by recruiting TFs,
cofactors and chromatin complexes to promoters [165].
Enhancer RNA (eRNA) transcribed from enhancers has
been manifested to facilitate tumorigenesis [166]. Pro-
moter and enhancer act as elements of hypomethylation
region to regulate gene expression [142]. People gradually
realize that the difference between enhancers and pro-
moters is not obvious, which possess similar chromatin
and sequence structure [163, 165]. Some promoters have
enhancer activity, and active enhancers can combine with
more distal TFs at their boundaries to drive local tran-
scription initiation [163].

The transcriptional regulation of CSC promoter usu-
ally facilitates the expression of pluripotent genes
through combination with TFs or epigenetic pathway,
which is summarized in detail in the previous article. It
is worth noting that in addition to binding to RNA, RBP
also exhibits a preference for gene promoters and inter-
acts with TFs to regulate transcription [167]. For exam-
ple, YY1 (Yin Yang 1, RNA dependent TF) and RBM25
(RBP involved in splicing regulation) have interactions,
where RBM25 first binds to the target gene promoter
and then recruits YY1 into these promoters [167]. YY1
emerges as important regulator in the expression and
activity of SOX2, OCT4, BMI-1, and NANOG to affect
the stemness of CSCs [168]. Besides, YY1 interacts with

cyclin-dependent kinase 9 (CDK9) to regulate transcrip-
tional elongation in GSCs, thereby inducing interferon
response and reconnecting the tumor microenvironment
of GBM [169]. This brings new insights into the tran-
scriptional regulation of CSC.

In the field of CSC enhancer research, in addition to TF
binding and epigenetic modification, SEs have gradually
entered the vision of researchers. The enhancer cluster
formed by the series of large linear enhancers is called
SEs, which has higher transcriptional activation ability
and has been identified as the driving factor of carcino-
genesis [170]. Research demonstrates that SEs may be
used as targets for the treatment of HNSCC by eliminat-
ing CSCs. It has been proved that bromodomain contain-
ing protein 4 (BRD4) recruits NF-«xB p65 to form SEs on
cancer stem gene, and their destruction can effectively
inhibit the invasion and metastasis of CSCs [171]. Knock-
out of TNBC specific gene ANLN driven by SEs inhibits
the stemness of TNBC [172].

Environment changes affect transcriptional regulation

of CSCs

During the process of tumor occurrence and progression,
CSCs face pressure from the surrounding environment,
hypoxia and metabolism (Fig. 1F). These stimuli can
regulate the proliferation, differentiation, and migration
of CSCs at the transcriptional level, which supplies new
course and insights for cancer treatment.

TME regulates the transcription of CSC

There are cancer cells surrounded by non-malignant cells,
including a rich variety of immune cells, cancer associ-
ated fibroblasts (CAFs), vascular systems, extracellular
matrix (ECM) and other types of cells that vary depend-
ing on the tissue in TME, which constitute a highly struc-
tured ecosystem [173]. These pert-cancer cells release
growth factors, cytokines, chemokines, miRNAs, and
extracellular vesicles to enhance the crosstalk between
CSCs and TME, in order to achieve stemness and drug
resistance [174]. CSC, differentiated cancer cells and var-
ious non-malignant cells interact to survive and invade in
harsh ecological niches [9]. We will illustrate how diverse
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components of TME influence the transcriptional regula-
tion of CSCs (Fig. 2).

Immune cells regulate transcription of CSCs

CSC is proposed as a driving factor of intratumoral
heterogeneity, and the negative associations between
immune cell infiltration and intratumoral heterogeneity
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have been reported [175]. It is suggested that tumor asso-
ciated macrophages (TAM), dendritic cells (DC), myeloid
suppressor cells (MDSC), tumor associated neutrophils
(TAN), lymphocytes, regulatory T cells, and cytotoxic T
cells have an impact on the phenotype and function of
CSCs [176]. Conversely, immune related signaling pro-
grams can be reprogrammed to promote tumor immune
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Fig. 2 Multiple mechanisms of environmental stress regulating CSC transcription A The immune cells in TME activate the STAT, Wnt, AKT and Notch
pathway of CSC by mainly releasing cytokines (IL-6) and inducing contact. CAFs secrete various substances (cytokines, POSTN, miRNA) to stimulate
distinct pathways of CSC (Wnt/-Catenin, PI3K/AKT/mTOR, STAT). ECM exerts effect on the PI3K and Hh pathways, as well as transcription

of pluripotent TFs through mechanical stress and CSC markers (CD44). B Hypoxia causes the production of HIF and ROS. HIF-1 secretes miRNAs
and activates the Wnt, Notch, PI3K/mTOR pathways, as well as acts on histone modifications. HIF-2 tends to directly regulate the gene expression
of various TFs. Hypoxia induced ROS may support a transcription promoting role of CSCs. € OXPHOS occurring in the mitochondria of CSC can
indirectly affect (through the release of ROS) or directly bear on the expression and effect of TFs. The alterations of mitochondrial function and state
(mitochondrial fission and mitophagy) regulate the expression of TFs. The key enzymes in the CSC glycolysis process act on TF through the Hippo
pathway and cell marker (CD133). Lactate metabolism plays a role in histone modification (lactylation) of CSC and ubiquitination of TF proteins.
Lipid metabolism (LDs and FAQ) is associated with the Wnt, Notch, Hippo, Hh and PI3K/AKT pathways and makes a difference in histone
modifications (acetylation). GIn deprivation promotes pluripotent gene silencing and increases histone trimethylation
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evasion through the communication between CSCs
and immune cells [177]. In addition, CSCs exert effect
on the processing and expression of antigens, secretion
of humoral factors, upregulation of immunosuppres-
sive molecules (immune checkpoints) and ligands and
released particles of immune cells to create an immuno-
suppressive environment [178].

It is indicated that TAMs, MDSCs, and T cells mainly
activate STAT proteins in CSCs by secreting various
cytokines to regulate CSC stemness and induce CSC
phenotype [179]. The secretion of IL-6 activates STAT3
to drive the production of CSC and EMT, which has
received great attention [180]. Research shows that TAM
derived IL-6 upregulates the expression of SOX2, OCT4
and NANOG through STAT3 pathway, and induces
CSC enrichment in breast cancer [181]. There is evi-
dence that targeting the CSC marker DCLK1 inhibits
IL-6/STATS3 signaling to hinder CSC traits and chemo-
therapy resistance in TNBC cells [182]. Besides, TAM
derived IL-10 acts on JAK1, thereby activating STAT1/
NF-kB/Notchl signaling to promote CSC-like character-
istics and tumor growth in NSCLC [183]. It is reported
that MDSCs activate STAT3 signaling by stimulating the
expression of colony stimulating factor 2 (CSF2) in epi-
thelial ovarian cancer, thereby enhancing the transcrip-
tion of SOX2, NANOG, OCT4a, C-MYC, and KLF4, as
well as cancer stemness [184]. Napabucasin, as an effec-
tive STAT3 inhibitor, can downregulate the expression of
CSC stemness genes and weaken the immunosuppressive
ability of MDSCs, which has been reported to prolong
the survival time of melanoma mice [185]. Napabucasin
combined with traditional chemotherapy drugs in clini-
cal trials has confirmed the safety and tolerance in the
treatment of metastatic pancreatic cancer, metastatic
CRC and unresectable HCC, but the efficacy is not obvi-
ous [186-188].

The transcription regulation of CSC by immune cells
also involves other signaling pathways. For example,
TAMs have been proved to promote the expression and
activity of f-Catenin in TNBC cells to induce EMT and
CSC characteristics, which is explained by activation
of the AKT signal by TAM derived CCL2 (chemokine
(C-C motif) ligand 2) [189]. An enlightening finding is
that TAM induces stem phenotype by activating the
Notch pathway after contact with non-CSC cells in liv-
ing tumors, which plays a crucial role in the metastatic
spread of CSCs [190].

CAFs regulate transcription of CSCs

CAFs are activated fibroblasts with plasticity that can
secrete regulatory factors to interact with immune cells
and reshape the tumor ECM [191]. CAFs are divided into
different subgroups with diverse surface markers. CD10
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and GPR77 labeled CAFs subgroups can induce and
maintain CSC stemness and chemoresistance in breast
cancer and GC [192, 193]. Through paracrine signals and
interactions with tumor cells, CAFs provide a support
niche for CSCs [194] (Fig. 2A).

CAFs secrete periostin (POSTN) that activates pro-
tein tyrosine kinase 7 (PTK7) in HNSCC cells, leading
to increased expression of B-Catenin and upregulation
of CSC-like phenotype, proliferation and invasion [195].
The presence of CAFs can release cytokines to protect
the PI3K/AKT pathway and transcriptional activation
of CSCs in CRC [196]. CAF derived miR-146a-5p tar-
gets ARID3A and PRKAALI in urothelial bladder cancer
(UBC) cells to activate STAT3 and mTOR signals, pro-
moting the stemness and chemical resistance of CSCs
[197].

ECM regulates transcription of CSCs

ECM is a non-cellular system composed of multiple mac-
romolecules, providing mechanical clues and signaling
molecules for tumors [198]. ECM stiffness is elaborately
regulated by the environment and can act on various cells
in TME to affect cancer progression [199]. It is reported
that mechanical stress, environmental remodeling, regu-
latory factors and recruitment of non-malignant cells are
involved in the regulation of CSCs by ECM [200].

There is evidence that breast cancer patients with stiff
stroma have a lower response to drugs and a worse prog-
nosis. It has been proved that matrix stiffness improves
the transcriptional activity of NANOG through phase
separation, leading to the enrichment of CSCs [76]. As
one of the components of ECM, the binding of hyaluronic
acid (HA) to CSC marker CD44 increases PI3K-4EBP1-
SOX2 signaling, thereby enriching the CSC popula-
tion and increasing CSC invasiveness [201]. An enzyme
PEGPH20 that can decompose HA in combination with
traditional chemotherapy for advanced pancreatic cancer
is in clinical trial (NCT02921022). Tenascin-C (TNC) is a
type of macromolecular ECM glycoprotein that has been
shown to upregulate the CSC marker LSD1 and affect the
characteristics of CSCs through the Hh signaling path-
way, thereby promoting the migration and invasion in
CRC [202].

Hypoxia stress regulates the transcription of CSCs

CSCs and tumor cells are generally in a state of hypoxia
during the occurrence and development of cancer.
Hypoxia regulates the stemness and resistance of
CSCs by mediating various TFs, signaling pathways,
epigenetic modification factors and functional pro-
tein required for encoding CSC specifications [203]
(Fig. 2B). Hypoxia inducible factors (HIFs) maintain
oxygen homeostasis at the transcriptional level, which
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activates thousands of genes that mediate angiogen-
esis, CSC specifications, EMT, ECM remodeling and
immune evasions [204]. HIF is characterized by oxy-
gen reactivity a subunits (HIF-a) and stable B Subunit
(HIF-B) composition, most studied in CSCs are HIF-
1(a) and HIF-2a.

HIF-la promotes angiogenesis, increase glycolysis
reaction and affect apoptosis, which is mainly activated
during acute hypoxia [205]. Multiple pieces of evidence
prove that HIF-1 activates Wnt pathway through diverse
means in CSCs. It is proved that stable knockdown of
HIF-1a suppresses the Wnt pathway and reduces the
expression of NANOG and SOX2 in CSCs [206]. HIF-1a
regulated miR-1275 has been shown to activate Wnt/
B-Catenin pathway and Notch signaling thus promoting
CSC phenotype and stemness in lung adenocarcinoma
(LUAD) cells [207]. Besides, HIF-1 can directly activate
the transcription of calreticulin (CALR) in cancer cells to
induce Wnt/B-catenin signal transduction, which exert
effect on promoting the phenotype of CSCs in breast
cancer [208]. It is intriguing that HIF-1 activates tran-
scription of pluripotent factor genes through epigenetic
pathways. The increased expression of HIF-1 dependent
S100A10 can form complexes and interact with histone
demethylase KDM6A, ultimately being recruited to the
OCT4 binding site to erase H3K27 trimethylation chro-
matin markers and promote transcription of NANOG,
SOX2 and KLF4 in breast cancer [209]. This process can
be induced by chemotherapy [209].

In addition, various other pathways have also been
shown to be related to HIF-1. Research demonstrates
that hypoxic conditions can reduce the tumor suppressor
PTEN (phosphatase and tensin homologues), leading to
activation of the PI3K/mTOR pathway and further accu-
mulation of HIF-1a to obtain CSC and EMT phenotypes
[210]. Hypoxia promotes the activation of the Shh path-
way to promote the expression of NANOG, OCT4 and
SOX2, while HIF-1a silencing impairs the upregulation of
Shh to inhibit the CSC population and EMT [211].

HIF-2a is more stable under chronic hypoxic condi-
tions and tends to exhibit carcinogenic activity by regulat-
ing CSCs [205]. There is evidence that HIF-2a increases
to the maximum value after 72 h of hypoxia, promoting
expression of KLF4, OCT4 and B-Catenin in CSCs [205].
MYC has been shown to regulate and bind to HIF-2,
and NANOG and SOX2 may participate in this process
to maintain self-renewal of CSCs [212]. Furthermore,
chronic intermittent hypoxia exposure can activate mito-
chondrial reactive oxygen species (mtROS) and induce
Bachl (TF, BTB and CNC homology 1) to promote the
expression of NANOG, SOX2, OCT4 and cell markers in
CSCs [213]. Currently, a variety of small molecule inhibi-
tors targeting HIF-2a protein have been developed and
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also entered the clinical research stage, such as DFF332
(NCT04895748) and NKT2152 (NCT05119335).

In recent years, various drugs targeting the pluripotent
TFs and signaling pathways of CSC have been developed,
and it is proven that TME can synergistically inhibit the
stemness of CSC. According to the stages of progress on
these drugs, the table is summarized as follows (Table 5).

Metabolic stimulation regulates the transcription of CSCs
CSCs control metabolic status through diverse transcrip-
tion programs, and metabolic alternations can impact on
the transcription of CSCs (Fig. 2C). A number of CSCs
prioritize mitochondrial oxidative metabolism to com-
plete biological activities [241]. A 2D in vitro system cul-
tured cells with galactose based on forced OXPHOS to
enrich pancreatic ductal adenocarcinoma CSCs, increase
NANOG promoter activity and promote the expression
of multiple pluripotent genes [242]. CSCs flexibly switch
between oxidative phosphorylation (OXPHOS) and glyc-
olysis as the main energy source to thrive in different set-
tings [9, 243]. It is indicated that mitochondrial oxidative
metabolism contributes to retention of the stems charac-
teristics of CSCs, significantly inhibiting tumor spheroid
formation in vitro and the expression of NANOG, SOX2,
and KLF4 by knocking down the key regulatory factor
PGC-1a of mitochondrial function in cholangiocarci-
noma [244]. Suppression of mitochondrial biogenesis by
mitochondrial fission factor (MFF) has been proved to
inhibit the activity of CSCs in breast cancer [245]. There
is evidence that mitophagy is highly active in CSCs and
tends to drive Notch1 signaling to promote CSC amplifi-
cation [246]. It is shown that mitophagy promotes MSX2
(muscle segment homobox 2) turnover and mediates
the stemness of oral cancer CSC through SOX2 [247].
Besides, the pharmacological inhibition of mitophagy
leads to the accumulation and translocation of mitochon-
drial phosphorylated p53 to the nucleus, which binds to
the NANOG promoter to inhibit expression and induces
elimination of CSCs [248]. In addition, it is reported that
OXPHOS derived ROS activates AKT to promote Wnt/
B-catenin signaling in CSCs of CRC, which can be trig-
gered by non-CSC derived lactate [249]. A clinical trial
using OXPHOS pathway inhibitor ME-344 combined
with bevacizumab for the treatment of recurrent meta-
static CRC (NCT05824559).

In the case of sufficient oxygen, CSCs can mainly rely
on glycolysis to obtain energy [243]. 6-phosphofructose-
2-kinase (PFKFB3) serves as a rate limiting enzyme for
glycolysis, the use of PFKFB3 inhibitors restrained the
expression of SOX2, downregulated YAP/TAZ signaling,
and enhanced the chemotherapy response of CSCs and
EMT in SCLC [71]. Hexokinase 2 (HK2) is a key glyco-
lytic enzyme that can interact with CD133 and promote
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the binding of ubiquitinase, thereby enhancing the stabil-
ity of CD133 and boosting the expression of OCT4 [250].
Lactate is a metabolic product of glycolysis, which has
gradually been proven to involve transcriptional regula-
tion of CSCs. Lactate level is capable of exerting effect on
histone lactylation to regulate gene transcription, migra-
tion and apoptosis of CSCs [156]. The activation of lac-
tate dehydrogenase A (LDHA) promotes the production
of lactate and reduces the pH value, guiding the ubiquit-
ination and stabilization of MYC mediated by the ubiqui-
tinase to activate the SLUG promoter, which strengthens
the characteristics of CSCs in breast cancer [47]. A
purposeful discovery suggests that lactate coordinates
PGC-1a to maintain OXPHOS activity and facilitate the
transfer potential of normoxic CSCs in CRC [251].

Moreover, abnormal lipid metabolism is related to
the function of CSCs [252]. A growing body of research
shows that lipid metabolism plays a significant role in
transcriptional regulation of CSCs. Damaged lipid drop-
lets (LDs) biosynthesis has been shown to inhibit the
expression of CSC markers and the EMT process [253].
There is evidence that accumulation of LDs activates
PPARa in CSCs to sustain cancer stemness [254]. The
enhanced adipogenic effect of human lung CSCs pro-
motes the expression of TF SPDEF to drive OPA1 tran-
scription, which furtherance mitochondrial fusion and
expression of OCT4 in tumor spheres [255]. It is proved
that IncROPM mediates lipid metabolism to activate
PI3K/AKT, Wnt/p-Catenin and Hippo signaling to main-
tain CSC properties in breast cancer [256]. Stearoyl
CoA Desaturase 1 (SCD1) is the central regulator of fat
metabolism. The inhibitors of SCD1 downregulate the
Wnt, Notch, and Hh signaling pathways and induce CSC
death [257]. It is suggested that high expression of SCD1
enriches CSCs and increases the stemness and drug
resistance in melanoma [258]. Under nutrient deficient
conditions, CSCs can produce ATP through fatty acid
oxidation (FAO) [252]. It is indicated that disturbance of
FAO can target leukemia stem cells (LSCs) to affect their
activity [259]. The FAO/ACLY (ATP citrate lyase) path-
way has been reported to accelerate H3K27 acetylation of
the NANOG promoter to induce dormancy of CRC cells,
which provides new insights for further research in CSCs
[260].

Glutamine (Gln) has been identified to be involved in
regulating the fate of CSCs, with glutaminase (GLS) mak-
ing a difference as a key target [261]. Targeting GLS1 and
L-asparaginase to achieve Gln deprivation increases ROS
levels and inhibits the Wnt/B-Catenin pathway, which
impairs the tumorigenicity of CSC in vivo [262, 263].
It is shown that Gln deprivation leads to interactions
between the expression of MYC members (MYCN and
C-MYC), thereby damaging the phenotype and radiation
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resistance of CSCs in neuroblastoma [264].In addition,
there is evidence that Gln deprivation through regulation
a-Ketoglutaric acid (a-KG, a cofactor of chromatin modi-
fying enzymes) contributes to increased H3K27 trimeth-
ylation to induce CSC gene dysregulation, indicating that
Gln can affect the characteristics of CSCs through epige-
netic pathways. Telaglynastat inhibit tumor cell growth in
clinical studies as a GLS inhibitor, such as NCT03831932
and NCT03528642.

Other factors regulating CSC transcription

Based on recent relative research work, we feverishly dis-
cover that in addition to the participants in the transcrip-
tion process and the influence of environmental stress,
other factors involved in the regulation of CSC tran-
scription alter the properties and biological behavior of
CSCs, including cell markers, DDR and circadian rhythm
(Fig. 3). Cell markers have long been identified as impor-
tant targets for CSCs, and accumulating studies dem-
onstrated their potential in transcriptional regulation.
Effective DDR pathways protect CSCs from radiation and
drug damage, while also playing a part in persistence of
the stemness. The pleasant surprise is that the activation
of circadian rhythm gene expression seems to be associ-
ated with the transcription of CSCs.

The cell markers of CSC participate in transcriptional
regulation

At present, there are no universal biomarkers for recog-
nizing and identifying CSCs, but surface markers CD133,
CD34, CD44, CD166, EpCAM and CD24 expression, as
well as aldehyde dehydrogenase (ALDH) activity, have
been widely used to isolate CSCs of distinct tumor types
[176, 243]. However, it is necessary to strictly define the
CSC state through self-renewal and functional char-
acteristics of tumor initiation, rather than just marker
expression. Various cell markers regulate transcriptional
regulation to induce CSC stemness (Fig. 1E).

A previous study showed that CD133 deficiency dis-
rupts the PI3K/Akt and Wnt signaling pathways and
significantly reduces cell proliferation in ESCs [265].
CD133-AKT-Wnt/p-Catenin axis has been demon-
strated to promote brain tumor-initiating cells in GBM
[266]. It is reported that silencing of CD133 reduces the
expression of the CSC stem gene KLF4 in CRC [267].
Targeting CD133 can inhibit CRC resistance through
the AKT/NF-kB pathway [268]. CD44 can activate the
PI3K/AKT and Wnt pathways as well as C-MYC tran-
scription to promote EMT and stemness, also interact
with various ligands in TME to regulate the expression
of OCT4, NANOG and SOX2 [201, 269]. Studies have
shown that CD166 can stimulate the activation of AKT
and YAP signals, and knocking down CD166 in ovarian
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Fig. 3 Regulating various aspects of CSC transcription from distinct perspectives The transcription of CSC involves TFs, epigenetic modification
and cis-regulatory elements. Signal pathways, TME, hypoxia stress, metabolic stimulation, cell surface markers, DNA damage and circadian rhythm
affect at least one of the three links to alter the phenotype and behavior of CSC

CSCs significantly reduces the expression of OCT4 and
SOX2 [270]. In addition, other biomarkers not used for
identification also target the signaling pathway of CSCs
and the regulation of TFs. For example, CD73 can pro-
mote mRNA expression of stem related genes such as
NANOG, SOX2, OCT4, SOX9 and C-MYC in CSCs of
HCC. The expression of SOX9 is particularly affected,
which is achieved by activating the AKT signaling [271].
According to reports, CD70 connects CD27 to LSC to
induce activation of the Wnt pathway and trigger NF- «
B signal [272]. In a phase I clinical trial, targeting CD70
with cusatuzumab resulted in the elimination of LSC in
patients with acute myeloid leukemia (AML) [273]. These
12 elderly AML patients who had not been treated in the
past showed a significant reduction in LSC by up to 50
times after receiving cusatuzumab monotherapy. Then,
these patients received treatment with cusatuzumab
combined with azacitidine, with an overall response rate
of 100% (8 cases achieved complete response). Currently,
various antibodies targeting the surface specific marker
CD123 of CSC are in clinical trials, including vibeco-
tamab (NCT05285813), Flotetuzumab (NCT04158739)

and SL-401 (NCT03113643). In addition, clinical stud-
ies combining EpCAM antibodies with chimeric antigen
receptor T cell (CAR-T) technology are also underway,
such as NCT02915445 and NCT05028933.

DNA damage of CSC participates in transcriptional
regulation

After immune and therapeutic mediated DNA damage,
DNA repair reactions and DNA checkpoints are acti-
vated to enhance the resistance of CSCs [274]. Inter-
ference with DDR through Spironolactone has been
proven to enable CSC to bypass resistance and result in
growth inhibition [275]. It is reported that radiotherapy
or chemotherapy induced DNA repair leads to tumor
cells reprogramming into CSCs, which hastens the bio-
genesis of CSCs in GC [276]. DNA repair proteins can
not only bind to target genes or TFs (such as KLF4 and
MYC) to affect transcription programs, but also crosstalk
with PI3K/AKT, TGF-B, Wnt and Notch signaling path-
way to induce EMT and promote CSC evolution [277].
AZD6738 can inhibit Rad3 related proteins to target DDR
and has been used in phase I/1II clinical trials to treat solid
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tumor patients, including NCT05514132, NCT 03682289,
and NCT03579316. DNA double-strand break (DSB) is
a crucial link in DNA repair response. The medium of
homologous recombination repair (HRR), TONSL, exerts
effect on DSB. Experiments demonstrated high expres-
sion of TONSL prompted co-amplification of MYC and
upregulation of the transcription, which significantly
influenced the survival of CSCs [278]. DNA damage
checkpoint kinase (CHK) is gradually regarded as a tar-
get for CSCs. Research shows C-MYC targets CHK1 and
CHK?2 to inhibit DDR and eliminate CSC characteristics
[279]. It has been proven that suppression of CHK1 sen-
sitizes drug-resistant CSCs in CRC [280]. However, we
still lack specific evidence that DNA damage checkpoints
regulate CSC gene expression and induce CSC stemness.

The core clock TFs of CSC participate in e transcriptional
regulation

The circadian rhythm controls complex biological activi-
ties, and core clock genes play a crucial role in regu-
lating the circadian rhythm. As main core clock TFs,
BMALI1 and CLOCK monitor the cell cycle and meta-
bolic homeostasis of CSCs in GBM [281]. Knockdown of
CLOCK significantly reduces the expression of OCT4 and
NANOG and results in Wnt/B-Catenin pathway inac-
tivation in CSCs of lung cancer [282]. According to the
analysis, H3K27 acetylation and trimethylation modifi-
cations may mediate the binding of BMALI to the pro-
moter, which enables reprogramming and drives new
transcription functions [281]. It is proved that CLOCK
and BMAL1 promote the infiltration of immunosup-
pressive microglia into TME through upregulation of
chemokine OLFML3 (CLOCK-directed olfactomedin-
like 3) transcription to induce CSC stemness and sup-
port GBM [283]. Further research shows that this process
may be achieved through CLOCK-OLFML3-HIF(1a)-
LGMN(legumain)-CD162 axis [284]. Besides, experi-
ments suggest that CLOCK-OLFML3-HIF-1a mediates
upregulation of POSTN transcription, acting on TANK
binding kinase 1 (TBK1) signaling in endothelial cells to
induce angiogenesis [285]. However, there is evidence
that BMALI inhibits the Hippo pathway but promotes
Wnt signaling in intestinal CSCs, and the absence of
BMALLI activates YAP1 protein to enhance self-renewal
[286].

Conclusions and perspectives

In summary, CSC is a special cell group that can pro-
mote cancer progression and recurrence, assisting cancer
cells continue to grow and proliferate under interference
from chemotherapy and radiation therapy. In addition
to excessive activation of DDR and alterations in cellu-
lar metabolism, the increased expression of ATP binding
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cassette (ABC) transporters in CSC enables drug efflux to
avoid damage, thereby achieving MDR to hinder effective
cancer treatment. The characteristic pluripotent TFs or
signaling pathways in CSC interfere with each other, and
the disorders lead to poor clinical prognosis in cancer
patients, including OCT4, SOX2, NANOG, MYC, Wnt/
p-Catenin, Notch, Hh, hippo, NF-kB and PI3K/AKT.
Epigenetic modifications, particularly DNA methylation
and histone acetylation, have been shown to exert effect
on the transcription of pluripotent genes. The impor-
tance and effects of SEs are attracting people’s attention.
Other regulatory factors also play a significant role in TFs
binding or signal transduction and the function of CSC,
including non-coding RNA, RNA modification, TAM,
MDSC, CAE ECM, hypoxia, metabolism, cell markers,
DDR, and core clock TFs.

A series of clinical trials targeting CSC transcription
have been completed or are currently underway, cover-
ing agents targeting CSC surface biomarkers, TF pro-
tein targeting drugs, signaling pathway inhibitors and
epigenetic modification enzyme inhibitors. In addition,
some agents specifically for the microenvironment and
metabolism have also been developed, which can affect
the transcription and properties of CSC in a non-spe-
cific manner. Simultaneously targeting different links of
CSC transcription can better inhibit cancer stemness
and eliminate CSCs, such as the combination of signal-
ing pathway inhibitors, or DNMT and HDAC inhibitors.
Clinical administration tends to combine CSC transcrip-
tion related agents with existing treatment regimens
(chemotherapy, radiotherapy, targeted drugs, immune
checkpoint inhibitors) to treat recurrent or refractory
cancer patients. the application of non-coding RNAs, the
epigenetic regulation and the promotion of environmen-
tal alterations. This illustrates that CSC serves as the key
to cancer treatment and drug-resistance, and the tran-
scription of CSC is the crux to targeting CSC.

Although targeting TFs and signaling pathways is
currently vital and widely studied, regulating the tran-
scription of CSC to improve cancer treatment efficacy
faces many challenges. Firstly, TFs possess “undrugga-
ble” property and drugs that directly target the activity
of pluripotent TFs in CSC have not yet been rigorously
clinically validated. Secondly, based on the similarity of
signaling pathways between CSCs and normal cells, not
all signaling pathway inhibitors can be used in cancer
treatment. Thirdly, the CSC model may not be applica-
ble to all types of cancer and there are no unified and
specific biomarkers for identification. Fourthly, the tran-
scriptional regulatory network of CSC exhibits heteroge-
neity in distinct tumors, a large amount of research and
evidence are required to investigate. Fifthly, non-coding
RNAs play a great role in CSC transcriptional regulation,
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but available drugs have not yet been developed. Sixth,
the microenvironment and metabolic characteristics of
CSC are significant for regulating transcription, but such
studies are mostly limited to non-specific cytokines and
metabolic pathways. Seventh, there are already quite a
few drugs and trials targeting CSC surface biomarkers,
most of which can be tolerated by patients but have less
than ideal therapeutic effects. It is supposed to find more
valid therapeutic agents or treatment plans.
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