
Acta  
Materia  
Medica

Review

56   Acta Materia Medica 2022, Volume 1, Issue 1, p. 56-71   
© 2022 The Authors. Creative Commons Attribution 4.0 International License

Advances in therapeutic agents targeting 
quiescent cancer cells
Wan Najbah Nik Nabila,b,1, Zhichao Xia,c,1, Mengfan Liua,c, Yang Lia,c, Mu Yaod,e, Tao Liuf, Qihan Dongd,e,*  
and Hongxi Xug,a,*

aSchool of Pharmacy, Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China
bPharmaceutical Services Program, Ministry of Health, Selangor 46200, Malaysia
cEngineering Research Center of Shanghai Colleges for TCM New Drug Discovery, Shanghai 201203, China
dChinese Medicine Anti-Cancer Evaluation Program, Greg Brown Laboratory, Central Clinical School and Charles Perkins Centre, The 
University of Sydney, Sydney 2060, Australia
eDepartment of Endocrinology, Royal Prince Alfred Hospital, Sydney 2050, Australia
fChildren’s Cancer Institute Australia, Randwick Sydney, New South Wales 2031, Australia
gShuguang Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China

1These authors contributed equally to this work and should be regarded as co-first authors.
*Correspondence: qihan.dong@sydney.edu.au (Q.D.); xuhongxi88@gmail.com (H.X.)

Received: 02 December 2021; Revised: 13 January 2022; Accepted: 15 January 2022

Published online: 08 February 2022

DOI 10.15212/AMM-2021-0005

ABSTRACT

Quiescent cancer cells (QCCs) reversibly reside in G0 phase, thus allowing them to survive chemotherapy and 
radiotherapy, which generally target proliferating cells. Surviving QCCs may re-proliferate, and consequently result 
in cancer progression, recurrence, and metastasis. Therefore, understanding the key players governing QCC survival 
and activation is crucial for developing QCC-targeting agents. This review presents an overview of (1) the mechanisms 
underlying the regulation of QCC status and (2) recent advances in the development of QCC-targeting therapeutic 
agents and their underlying mechanisms. The development of effective therapeutic modalities that target QCCs may 
enable new cancer treatments to prevent cancer progression and recurrence.  
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1. INTRODUCTION

Cancer dormancy was first described in 1934, when 
autopsies of asymptomatic patients with cancer 
revealed overt metastases despite the absence of local 
recurrence; these findings indicated that cancer cells can 
be arrested in a dormant state [1, 2]. The two main types 
of cancer dormancy are tumour mass dormancy and cel-
lular quiescence. In tumour mass dormancy, insufficient 
angiogenesis and immune surveillance in the tumour 
microenvironment sustain a dynamic balance between 
cancer cell proliferation and death within the tumour 
mass [3]. Cellular dormancy refers to quiescent cancer 
cells (QCCs), which are transiently arrested in the G0 
phase but can re-enter the cell cycle and re-proliferate 
[3, 4]. QCCs are present in various types of solid cancers, 
such as breast, lung, and prostate cancers, as well as in 
haematological malignancies [1]. Disseminated tumour 
cells (DTCs) and circulating tumour cells (CTCs) can be 
in any phase of the cell cycle, and only some of them 
remain in the quiescent state [5]. Similarly, cancer stem 

cells can be either quiescent or slowly proliferating [1, 
3]. This review focuses on cancer cells in G0 phase and 
does not specify the sources of these G0 cells. 

QCCs are detrimental because they attenuate the 
effects of treatment and promote cancer progression. 
The quiescent state enables QCCs to withstand conven-
tional cancer treatments, because most therapies tar-
get proliferating cells [2]. Subsequently, the surviving 
QCCs lead to cancer progression via cell cycle re-entry. 
Quiescent CTCs and DTCs that survive in the blood-
stream and settle at secondary sites, later initiate can-
cer recurrence and metastasis after they are activated 
to re-proliferate [5, 6]. The application of QCC preclin-
ical experimental models and detection methods has 
expanded understanding of QCC biology in recent years 
[7]. However, QCC-targeting agents are not yet clinically 
available. Therefore, both preclinical and clinical data 
on QCC agents are needed to identify potential targets 
and clinical strategies for developing effective thera-
peutic agents. We conducted electronic searches of the 
PubMed, Science Direct and Scopus databases from their 
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inception to September 2021, by using the keywords 
‘neoplasm’, ‘cancer’, ‘tumour’, ‘quiescence’, ‘quiescent’, 
‘dormancy’, and ‘dormant’. Articles that described pre-
clinical and clinical studies on QCC-targeting agents 
were included. The extracted data included the names 
of potential agents, types of cancer/cell lines, efficacy, 
and mechanism of action. A table summarising the key 
findings is included for reference. Furthermore, we pro-
vide an overview of the mechanisms through which 
these QCC-targeting agents affect QCCs. 

2. MECHANISMS OF CELLULAR QUIESCENCE

Multiple signalling pathways and interactions between 
cancer cells and the microenvironment niche determine 
whether cancer cells remain in or exit the quiescent 
state (Figure 1). Complex QCC mechanisms and net-
works not only promote drug resistance and tumour 
initiation, but also may indicate potential avenues for 
cancer treatment [2, 3, 8, 9]. Accordingly, this section 
discusses initiation and termination mechanisms of qui-
escence (Figure 1), which are essential for understand-
ing QCC-targeting agents (Table 1).

2.1 Cyclin-dependent kinase (CDK) signalling 
pathways
In the cell cycle machinery, the retinoblastoma protein 
(Rb) maintains cells in a quiescent state (G0 phase) by 

suppressing E2F family members, which control the 
transcription of genes regulating cell cycle progression 
[34, 35]. Additionally, dimerisation partner (DP), Rb, E2F, 
and multivulval class B (MuvB) form the DREAM com-
plex, which keeps cells in G0 phase by suppressing the 
expression of genes required for cell cycle entry [36]. 
Mitogens initiate quiescent cells’ re-entry into the cell 
cycle by stimulating the binding of cyclins to CDKs, and 
the subsequent inactivation of Rb through phosphoryl-
ation and the release of E2F protein [34, 37]. Cyclin C 
governs the transition from G0 to G1; cyclin D modulates 
the G1 phase; and cyclin E regulates the late G1 and G1-S 
transition. The cyclin E-CDK2 complex drives cell cycle 
progression by inhibiting the ubiquitinating enzyme 
anaphase-promoting complex (APC), thus increasing 
CDC6, a regulator of early stages of DNA replication. In 
contrast, CDC6 is depleted in quiescent cells [37]. 

The cell cycle also progresses when E2F promotes 
the expression of CDC6 mRNA, and the accumulated 
CDC6 represses the transcription of INK4, a CDK inhib-
itor (CDKI) towards CDK4 and CDK6 [38, 39]. CDKIs in 
the Cip/Kip protein family comprise p21, p27, and p57, 
which bind and inactivate the CDK1/2/3-cyclin com-
plex [34]. Quiescent cells have elevated levels of CDKIs, 
which prevent CDK activation and impede cell cycle 
progression [4, 34], such as through the upregulation 
of p57 by glucocorticoid receptors in quiescent lung 
cancer cells [40].

Figure 1 | Major mechanisms and agents that induce proliferative cancer cells to quiescence.
‘↑’ represents activation, promotion, stimulation, or up-regulation, whereas ‘T’ represents inhibition, suppression, decrease, or downregulation.
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Table 1 | Preclinical findings for potential agents targeting quiescent cancer cells (QCCs)

Potential agent  Cancer cell line  Mechanism  Main action 
on QCCs

 References

Palbociclib
(breast cancer) 

 Patient-derived PDAC cells (TKCC-
02–19, TKCC-22–23, TKCC-26, TKCC-
27); patient-derived glioma stem cells 
(G02, G07, G08, G09)

 -  Inhibit CDK4/6, Rb phosphorylation, 
E2F transcription, disassembly of 
DREAM complex

 Induce 
quiescence 

 [10-12]

Abemaciclib
(breast cancer)

 Ewing’s sarcoma (A673, SK-ES-1,  
RD-ES, SK-N-MC)

 -  Inhibit CDK4/6, Rb phosphorylation, 
E2F transcription, disassembly of 
DREAM complex

 Induce 
quiescence

 [13]

Imatinib
 (CML, ALL, GISTs)

 GIST (GIST882, GIST-T1)  - Inhibit PI3K/AKT pathway, SKP2 
-  Induce p27, DREAM formation, 

autophagy

 Induce 
quiescence

 [14-16].

GSK126  Castration-resistant prostate cancer 
cells (22Rv1 cells, C4-2B cells), DLBCL 
(KARPAS-422 cells)

 Inhibit EZH2  Induce 
quiescence

 [17, 18]

OR-S1  MCL (Mino, JeKo-1, REC-1)  - Inhibit EZH 1/2, Rb phosphorylation
- Induce p57

 Induce 
quiescence

 [19]

ATRA (acute 
promyelocytic 
leukaemia)

 Co-culture of pancreatic (AsPc1, 
Capan1) and 
pancreatic stellate cells (PS1); hepatic 
stellate cells (HHStec 5300) 

 -  Alter cancer cell microenvironment to 
induce quiescence  

 Induce 
quiescence

 [20, 21]

Sepantronium bromide 
(YM155)

 Bladder transitional cell carcinoma 
(BFTC905, T24, TSGH8301), kidney 
transitional cell carcinoma (BFTC909), 
multiple myeloma (U266, RPMI8226) 
cells

 -  Inhibit survivin, cyclin D, CDK4/6, 
Mcl-1

- Induce p27

 Induce 
quiescence

 [22, 23]

Guttiferone K  Prostate (LNCaP, PC-3)  - Inhibit c-MYC, 
- Induce FBXW7, p27

 Block cell cycle 
re-entry

 [24]

Safranal  Prostate (LNCaP, PC-3)  -  Inhibit Skp2, NF-kB signalling, E2F1, 
c-MYC, CDK2/4/6

- Induce p21, p27

 Block cell cycle 
re-entry

 [25]

VLX600  Colon (HCT116)  - Inhibit OXPHOS
- Induce autophagy, apoptosis

 Eradicate 
QCCs

 [26]

ESI-09  NSCLC (A549, H1299, H1975, PC3)  - Inhibit OXPHOS
- Induce apoptosis, necrosis

 Eradicate 
QCCs

 [27]

AZD7762/AZD6244 
(thyroid cancer, 
neurofibromatosis), or 
PD184352/CEP3891

 Multiple myeloma 
(NCI-H929, U266, RPMI 8226,  
ANBL-6, KAS-6/1)

 - Inhibit Chk1, MEK1/2
- Induce Bim, DNA damage, apoptosis

 Eradicate 
QCCs

 [28]

Clofazimine (leprosy, 
tuberculosis)

 CML (K562)  - Inhibit Bcl-2
- Induce apoptosis

 Eradicate 
QCCs

 [29]

Compound A  Colon (SW620), 
Pancreatic (AsPc1, Panc1, SU86.86)

 - Inhibit DYRK1B, p27
-  Induce cyclin D, Rb, ROS production, 

apoptosis 

 Induce 
cell cycle re-
entry

 [30]

EHT5372   Ovarian (OVCAR3, SKOV3), 
pancreatic (Panc1)

 - Inhibit DYRK1B, p27
-  Induce cyclin D, Rb, ROS production, 

apoptosis

 Induce 
cell cycle re-
entry

 [31, 32]

R05454948  Ovarian (TOV21G, SKOV3)  - Inhibit DYRK1B, p27
-  Induce cyclin D, ROS production, 

apoptosis 

 Induce 
cell cycle re-
entry 

 [33]

Italic text indicates drugs used clinically for the selected disease (in brackets), whereas non-italic text indicates drugs under study.
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2.2 Regulation of CDKIs and cyclins
SKP1/Cullin 1/F-box (SCF) and anaphase-promoting 
complex/cyclosome (APC/C) are two major protein com-
plexes regulating the cell cycle through the degradation 
of CDKIs and cyclins. APC/C is active in G1 phase, whereas 
SCF modulates the G1, S, and early M phases. Within the 
SCF protein complex, F-box proteins specify the targets 
of the SCF domain. F-box proteins with WD40 domains 
(FBXW), such as FBXW7, trigger the degradation of 
Cyclin E, whereas S-phase kinase-associated protein 2 
(SKP2) is an F-box protein that selectively degrades p21, 
p27, and p57. Interestingly, APC/C prevents p27 from 
being downregulated by promoting the degradation of 
SKP2, thereby sustaining the quiescent state [41]. 

Proteins such as survivin and Polycomb repressive 
complex 2 (PRC2) have multiple roles in cells, including 
controlling the cell cycle machinery. Survivin belongs 
to the inhibitor of apoptosis (IAP) protein family, and 
its expression oscillates throughout the cell cycle, with 
lower levels in G1 phase and higher levels in S phase. 
Cell cycle progression is accelerated in survivin-overex-
pressing cells, because survivin increases phosphoryl-
ated-Rb levels and the formation of the Cyclin E-CDK2 
complex, decreases p27 protein expression levels, and 
antagonises p16 (an inhibitor of CDK4/6-Cyclin D) by dis-
placing it from the CDK4-p16 complex [42]. 

Another protein family essential to the cell cycle is 
PRC2, which comprises the subunit enhancer of Zeste 
homologue 1 (EZH1) and enhancer of Zeste homologue 
2 (EZH2). Both EZHs catalyse PRC2 activity, thus acting 
as epigenetic regulators suppressing the transcription 
of target genes, such as those encoding p15, p16, p21, 
and p27 [43, 44]. EZH2 knockdown in cholangiocarci-
noma and glioma cells causes arrest in G0/G1 phase, and 
is accompanied by an increase in p16 and p27 transcrip-
tion and downregulation of cyclin D and CDK4/6 protein 
levels [44, 45].

2.3 c-Myc and related signalling pathways
The oncogenic transcription factor c-Myc is highly 
expressed in solid tumours and haematological malig-
nancies. c-Myc stimulates cell cycle progression by pro-
moting the activity of cyclins and CDK, and disrupts the 
activity of CDKIs, which function as cell cycle ‘brakes’ 
[46]. c-Myc is upregulated by facilitates chromatin 
transcription factor (FACT) and is degraded by FBXW7 
when cells exit quiescence [24, 47]. c-Myc decreases the 
protein and mRNA levels of p27 by inducing SKP2 and 
the microRNA (miRNA) miR-221/222, which silence p27 
mRNA [48]. Moreover, c-Myc deregulates quiescence 
through the activation of miR-17-5p, which disrupts p21 
or overcomes the inhibitory effects of miR-26a, miR-
15a, miR-34a, and INK4 on cyclin D/E or CDK4/6 [48-51]. 
However, a preclinical study has indicated that quiescent 
melanoma cells express high levels of c-Myc and conse-
quently promoting QCC survival through the activation 
of oxidative phosphorylation (OXPHOS), thus revealing 
the complex role of c-Myc in regulating QCCs [52]. 

Integrins act on the upstream of c-Myc and are acti-
vated through extracellular matrix (ECM) stiffness, cell 
adhesion signalling, urokinase-type plasminogen acti-
vator, fibronectin, and periostin [3, 53-55]. Integrins 
and growth-factor receptors stimulate focal adhesion 
kinase (FAK), which then activates the PI3K-AKT and 
RAS-MEK-ERK-MAPK signalling cascades [54]. These 
cascades drive cell cycle progression through upreg-
ulating c-Myc, and drive cell exit from quiescence 
through increasing cyclins and decreasing CDKIs [48, 
54]. For example, DIRAS3 and Regulcalcin induce 
tumour dormancy partially by blocking RAS/MAPK sig-
nalling [56, 57]. Activated FAK additionally supports 
cell cycle progression by repressing the transcriptional 
activity of p53, a transcriptional repressor of c-Myc [54, 
58]. p53 is activated in response to DNA damage or p38 
signalling, thus resulting in miR-145 induction and sub-
sequent inhibition of c-Myc [50, 59]. 

Another noteworthy function of c-Myc involves an 
autoregulatory feedback loop among c-Myc, E2F, and 
miR-17/20: (i) c-Myc triggers transcription of E2F, (ii) E2F 
activates transcription of c-Myc, (iii) both c-Myc and E2F 
induce miR-17/20, and (iv) miR-17/20 restricts the trans-
lation of E2F mRNA, thereby repressing malignant cell 
transformation [60]. 

2.4 Dual specificity tyrosine phosphorylation-
regulated kinase 1B (DYRK1B)
Certain cancers (such as pancreatic, ovarian, lung, and 
breast cancers), as well as serum- and mitogen-deprived 
cells, overexpress DYRK1B, which is also known as Mirk 
protein [61]. DYRK1B is a checkpoint kinase that reg-
ulates cellular exit from G0 [61]. In addition to desta-
bilising cyclin D and promoting p27, DYRK1B activates 
MuvB; subsequently, MuvB participates in formation of 
the DREAM protein complex, which maintains cells in G0 
phase. In addition, DYRK1B mitigates oxidative stress by 
upregulating antioxidant genes, thereby decreasing the 
intracellular production of reactive oxygen species (ROS) 
and ultimately sustaining the quiescent phase [61, 62].

2.5 Non-coding RNAs (ncRNAs)
Untranslated transcripts known as ncRNAs include 
microRNAs (miRNAs) and long non-coding RNAs (lncR-
NAs), and are classified according to their lengths. ncR-
NAs serve as either tumour promoters or suppressors, 
and are particularly dysregulated in cancer [63]. miRNAs 
and lncRNAs affect the transition from quiescence to 
proliferation by mediating the expression of cyclin, CDK, 
CDKI, E2F, and c-Myc. For example, H19 lncRNA hinders 
the translation of Rb; lncRNA-HEIH and HULC suppress 
INK4 and p21; gadd7 is involved in the degradation of 
CDK6 mRNA; and ncRNACCND1 disrupts cyclin D transcrip-
tion [64]. 

Quiescence is induced when activated p53 upreg-
ulates its downstream miRNAs, such as miR-27b-3p, 
miR-34a, miR-145, and miR-455-3p, and downregulates 
the miR-17-92 cluster, miR-15b-16-2, and miR-155, thus 
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impeding multiple proliferative pathways. miRNAs also 
modulate quiescence by abolishing the proliferative 
signals triggered by c-Myc and E2F [48, 50, 65-68]. In 
addition, quiescence can be initiated by the binding of 
lncRNA NR2F1-AS1 to the nuclear receptor NR2F1 [69]. 
Interactions between ncRNAs and cell cycle regulators 
provide possible targets for future therapies. 

2.6 OXPHOS
In contrast to proliferative cancer cells, which heav-
ily depend on glycolysis, QCCs predominantly rely 
on OXPHOS for energy and survival. Because glycol-
ysis is repressed in nutrient-starved cancer cells, and 
is accompanied by increased production of tricarbo-
xylic acid, proliferative cancer cells die, whereas QCCs 
survive, owing to intensified OXPHOS activity [70, 71]. 
OXPHOS oxidises carbon molecules in the tricarboxylic 
acid cycle, thus generating energy and conferring resist-
ance to nutrient deficiency and cancer treatment for 
QCCs. Additionally, because cancer treatments damage 
intracellular components, autophagy is activated and 
subsequently degrades the damaged components; con-
sequently, accumulation of autophagy-derived metab-
olites leads to apoptosis of proliferative cancer cells. 
In contrast, QCCs endure cancer treatment, because 
OXPHOS eliminates autophagy-derived metabolites 
through oxidisation, thereby preventing the aggrega-
tion of autophagy-derived metabolites [70, 71]. Treating 
QCCs with OXPHOS inhibitors blocks the compensatory 
mechanism for energy generation and survival and 
results in apoptosis of QCCs [70, 72]. 

2.7 Apoptosis
Briefly, apoptosis is triggered through extrinsic and 
intrinsic pathways. B-cell lymphoma-2 (Bcl-2) family 
members and IAP proteins regulate the intrinsic path-
ways through caspase activity. The interactions among 
the three subfamilies of Bcl-2 family proteins—anti-ap-
optotic proteins (Bcl-2, Mcl-1, Bcl-Xl, and Bcl-W), BH3-
only proteins (Bim, Bad, Noxa, and Puma) and pro-apop-
totic mediators (Bax and Bak)—direct cells to undergo 
or survive apoptosis [73]. IAP proteins such as survivin 
(BIRC5), XIAP (BIRC4), and cIAP1 (BIRC2) suppress apop-
tosis by inhibiting caspase activity [74]. 

Similarly to proliferating cancer cells, QCCs also 
undergo apoptosis. Some QCC-targeting agents induce 
apoptosis in QCCs through a decrease in IAP proteins 
such as survivin, and anti-apoptotic proteins such as 
Mcl-1 [22]. Although the apoptotic mechanism of 
Compound A in quiescent pancreatic cancer cells is not 
well understood, QCCs treated with Compound A have 
been found to be positive for apoptosis markers (cleav-
age of PARP and activation of Caspase-3) [30].

2.8 Autophagy-induced quiescence
Autophagy has dual functions in tumourigenesis, sup-
pressing tumourigenesis in the initial stage of cancer but 

supporting tumourigenesis in later stages [75]. Through 
autophagy, damaged organelles are removed and nutri-
ents are recycled, thus allowing cancer cells to quiescence 
and survive [75, 76]. Preclinical studies on various cancer 
types and animal models have shown that autophagic 
activity intensifies as cancer cells become quiescent. As 
autophagy is activated in quiescent murine breast D2.0R 
cancer cells, compared with proliferative D2.0R cells, 
the expression of the autophagy markers LAMP1 and 
LC3 gradually increases [77]. Correspondingly, in vivo 
findings have validated that autophagy suppression in 
QCCs decreases tumour regrowth and metastatic bur-
den, because the accumulation of damaged organelles 
and ROS causes QCCs to undergo apoptosis [77, 78]. 
Additionally, autophagy has been clinically confirmed 
in dormant cancer cells, as observed in specimens from 
patients with ovarian cancer who experienced complete 
clinical remission after surgery and chemotherapy [77]. 
The timing of administration of autophagy inhibitors is 
critical, because if these inhibitors are provided before 
chemotherapy, they impair the formation of QCCs and 
decrease autophagy [79].

In QCCs, the transcription of autophagy-related genes 
(ATGs), such as LC3, ATG4, ATG5, ATG7, and BECN1, is 
upregulated. The autophagy pathway involves ATG and 
AMPK signalling in the formation and maturation of 
autophagic vesicles, whereas the kinase mTOR regulates 
lysosomal degradation in the later steps of the auto-
phagy pathway [75, 76, 79].

2.9 Quiescence-inducing microenvironment
The microenvironment of cancer cells can be divided into 
quiescence-inducing and proliferation-permissive types. 
The quiescence-inducing microenvironment includes col-
lagen type III-rich, laminin-rich, or fibronectin-deficient 
ECM; suppression of proliferative signals such as FAK, 
ERK, and PI3K; and elevation of p53, p21, p27, thrombos-
pondin, osteopontin, C-X-C motif chemokine ligand-12 
(CXCL12), transforming growth factor-β2 (TGFβ2), 
Wnt5a, and bone morphogenetic protein (BMP4/7) [3, 9, 
80-82]. QCCs and stromal cells produce collagen type III, 
whose binding to the receptor discoidin domain receptor 
tyrosine kinase (DDR1) activates the JAK2/STAT1 signal-
ling pathway, which in turn upregulates the expression 
of the collagen gene COL3A1, thus causing cancer cells 
to become and remain quiescent [81]. In contrast, ROS, 
which are generated from chemotherapy and radiother-
apy, activate TGFβ2 and BMP4/7, which then induce can-
cer cells to undergo quiescence through the activation of 
the p38 pathway and suppression of the Wnt/β-catenin 
signalling pathway, respectively [82, 83].

The proliferation-permissive microenvironment inclu-
des a collagen-rich (specifically collagen type I and IV) 
ECM, and the presence of Wnt ligands and activated pro-
liferative signals, such as upregulated E2F and cyclin D [3, 
9, 80, 84]. In addition, receptor activation of NF-κβ ligand 
(RANKL), which is expressed by cancer cells and aging 
osteoblasts, prompts quiescent DTCs to reactivate and 
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re-proliferate, and consequently give rise to detectable 
metastasis [82]. Binding of Wnt to its receptor  activates 
the Wnt/β-catenin signalling pathway, thereby prevent-
ing the degradation of β-catenin, and consequently 
upregulating the expression of c-Myc, cyclin D, CDK6, 
and other cell cycle-associated proteins. Blocking Wnt/β-
catenin signalling triggers quiescence in colorectal can-
cer cells [85]. When chronic myeloid leukaemia (CML) 
stem cells adapt to survive in secondary organs, elevated 
miR-126 and miR-300 in the bone marrow microenviron-
ment stimulate the quiescence of CML stem cells [67, 86]. 

Additionally, microenvironmental components such as 
bone marrow mesenchymal stem cells protect breast can-
cer cells from immune clearance [87, 88]. Examination of 
bone marrow samples from patients with breast cancer 
has further confirmed the interaction between breast 
cancer cells and mesenchymal stem cells, and elucidated 
the importance of exosomes derived from mesenchymal 
stem cells in inducing breast cancer cells to undergo 
quiescence in the bone marrow perivascular niche [89]. 
Interestingly, although miR-222/223 in exosomes has 
been reported to induce quiescence [88], this finding 
contradicts other evidence suggesting that miR-221/222 
activates CDK2 and downregulates p27 and p57, thus 
leading to cell proliferation [48, 50, 66]. Stellate cells, 
another major component of the tumour microenviron-
ment, affect DTCs in the tissue-specific microenviron-
ment. Although most DTCs that reside in liver tissue are 

quiescent, owing to the suppression effect of natural 
killer (NK) cells, liver injury activates secretion of CXCL12 
by hepatic stellate cells, and consequently restricts the 
proliferation of NK cells and promotes the exit of DTCs 
from quiescence [90].

3. DEVELOPMENT OF QCC-TARGETING 
THERAPEUTIC AGENTS

Studies have highlighted the notable clinical implica-
tions of QCCs: tumours become chemoresistant, owing 
to QCCs [2], and recurrence and metastasis stem from 
reactivated QCCs [5, 6]. To control QCCs and prevent 
cancer recurrence and metastasis, four types therapeutic 
strategies targeting QCCs have been described: a) induc-
ing quiescence in proliferative cancer cells, b) blocking 
QCC re-proliferation, c) eradicating QCCs, and d) activat-
ing QCCs such that they succumb to conventional cancer 
treatment. The first two of these therapeutic strategies 
are aimed at proliferative and quiescent cancer cells, 
respectively, to induce and maintain cancer cells in qui-
escence. For rapidly proliferating cancer cells, inducing 
quiescence by repressing proliferative signals (such CDK, 
c-Myc, and ncRNA pathways) or promoting a quies-
cence-inducing microenvironment can suppress tumour 
growth and cancer progression (Figures 1 and 2) [37, 
91, 92]. For cancer cells to remain quiescent, blocking 
QCCs from re-entry into the cell cycle prevents cancer 

Figure 2 | Major mechanisms and agents that block quiescent cancer cells (QCCs) from re-proliferating.
‘↑’ represents activation, promotion, stimulation, or up-regulation, whereas ‘T’ represents inhibition, suppression, decrease, or downregulation.
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recurrence by prolonging their stable quiescent state. 
Multiple molecules are involved in this mechanism, 
including c-Myc, FACT, and Mirk [2, 47, 92]. Because con-
ventional cancer treatments generally kill proliferative 
cancer cells and spare QCCs, the third strategy involves 
eradicating QCCs through autophagic cell death or 
apoptosis, thus synergistically increasing the cancer 
treatment response (Figure 3) [26]. The fourth strategy, 
activating QCCs to re-enter the cell cycle, sensitises these 
cells to the cytotoxicity of conventional cancer treat-
ments, thereby augmenting the treatment response 
(Figure 4) [61]. However, this treatment approach has 
been widely debated, because preclinical evidence has 
shown that activated QCCs may aggressively grow and 
cause metastasis at multiple sites [92]. Several clinically 
available and preclinically researched drugs with QCC-
targeting actions are summarised according to their 
main QCC-targeting mechanisms (Figures 1–4). The 
related mechanisms of action and findings from clinical 
trials are also discussed. Of note, some QCC-targeting 
agents may have dual actions, e.g., disrupting the cell 
cycle and inducing death in QCCs.  

3.1 Agents inducing cancer cells to enter a 
quiescent state
3.1.1 Palbociclib and abemaciclib

Palbociclib is an inhibitor of CDK4/6 that can poten-
tially treat pancreatic ductal adenocarcinoma (PDAC), 

because it drives pancreatic cancer cells to enter qui-
escence, thereby slowing tumour growth, suppressing 
metastasis, and prolonging survival [10]. Palbociclib and 
abemaciclib induce quiescence in glioma stem cells and 
Ewing sarcoma cells, respectively [11, 13]. 

By binding the ATP site on CDK4/6, palbociclib and 
abemaciclib suppress CDK4/6 function, thus decreas-
ing Rb phosphorylation, dismantling the DREAM com-
plex, and decreasing E2F transcription activity [93, 94]. 
Because cancer cells highly express Rb, [95], palbociclib 
and abemaciclib induce the quiescence of Rb-expressing 
cancer cells. In addition, palbociclib induces apoptosis in 
G0 cells, as evidenced by the elevated fraction of apop-
totic G0 PDAC cells after palbociclib treatment compared 
with gemcitabine monotherapy [10, 13]. 

Clinically, palbociclib and abemaciclib are com-
bined with endocrine therapy in patients with stage 
IV recurrent hormone-receptor-positive breast cancer. 
Compared with endocrine monotherapy, combina-
tion therapy extends progression-free survival (PFS) 
and improves the objective response rate (ORR) of 
treated patients [96]. Notably, abemaciclib is the only 
CDKI used as a monotherapy for treating patients with 
 hormone-receptor-positive, epidermal growth fac-
tor receptor 2 (HER2)-negative breast cancer who are 
unresponsive to endocrine therapy and chemotherapy. 
Although a trial of palbociclib monotherapy in patients 
with metastatic refractory pancreatic neuroendocrine 
tumours (pNETs) did not achieve the trial endpoints 

Figure 3 | Major mechanisms and agents that eradicate quiescent cancer cells (QCCs).
‘↑’ represents activation, promotion, stimulation, or up-regulation, whereas ‘T’ represents inhibition, suppression, decrease, or downregulation.
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of PFS and ORR, more than half (57.9%) the patients 
remained stable. Ongoing clinical trials are examining 
the use of abemaciclib and palbociclib in other types of 
cancers, such as brain metastases and non-small cell lung 
cancer (NSCLC) [97].  

3.1.2 Imatinib

Imatinib, a tyrosine kinase inhibitor, has been approved 
for the treatment of CML, acute lymphoblastic leukae-
mia (ALL), and gastrointestinal stromal tumours (GISTs) 
[98]. Preclinical studies have revealed that imatinib trig-
gers quiescence in GIST cells by promoting assembly of 
the DREAM complex, inhibiting the PI3K/AKT pathway, 
and activating autophagy [14-16]. Suppression of PI3K 
promotes APC/C degradation of SKP2, thus resulting 
in the accumulation of p27 [14, 15]. Exposure to imati-
nib induces quiescence and autophagy in GIST cells, 
as indicated by increased formation of LC3 puncta. 
Concordantly, removing imatinib from GIST cells causes 
them to exit the quiescent state and expand the fraction 
of cells in S/G2/M phase [16]. 

A systematic review has corroborated that adju-
vant therapy with imatinib improves the 1-year recur-
rence-free survival in patients with GIST (98%) com-
pared with those in the placebo arm (83%) [99]. The 
single-arm PERSIST-5 clinical trial has shown that in 
patients with GIST with a significant risk of recurrence, 
5 years of imatinib treatment after primary tumour 
resection increases the recurrence-free survival to 90% 

and the overall survival to 95%. However, for patients in 
the control group in the EORTC 62024 trial, the 5-year 
recurrence-free survival rate was 63%. Despite its tolera-
bility and promise in preventing GIST recurrence, nearly 
half of the 91 recruited participants (49%) discontinued 
imatinib before reaching the 5-year duration (mainly 
because of patient choice). Of the 45 participants who 
discontinued imatinib, six experienced cancer recurrence 
(ranging from 7.4 to 23.1 months post-discontinuation), 
whereas only one patient developed recurrence while 
receiving imatinib treatment [100]. Therefore, patient 
compliance and suitable treatment duration require fur-
ther examination to optimise the benefits.

3.1.3 GSK126, OR-S1

EZH2 is overexpressed in various cancer types including 
castration-resistant prostate cancer and diffuse large 
B-cell lymphoma (DLBCL). Cancer grows as a result of 
EZH2 blocking CDKIs, such as p16, p21, and p27, hence 
accelerating cancer cell proliferation [17, 18, 101]. The 
EZH2 inhibitor GSK126 disrupts EZH2 methyltransferase 
activity and releases PRC2 suppression of targeted genes 
by competing with S-adenosylmethionine for binding 
to EZH2, thus causing cell quiescence. Although GSK126 
has progressed to a phase 1 clinical trial (NCT02082977), 
of the 22 enrolled patients with relapsed DLBCL, solid 
tumours, and other non-Hodgkin lymphomas, only one 
patient had a partial response, and seven remained 
 stable [18].  

Figure 4 | Major mechanisms and agents that activate quiescent cancer cells (QCCs) and make them susceptible to conventional cancer 
treatment.
‘↑’ represents activation, promotion, stimulation, or up-regulation, whereas ‘T’ represents inhibition, suppression, decrease, or downregulation.
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Compared with GSK126, which inhibits only EZH2, 
OR-S1 is a novel dual inhibitor of EZH1 and EZH2 that 
fully impairs PRC2 activity and has higher anti-tumour 
activity than that of GSK126 in acute myeloid leukae-
mia, DLBCL, and mantle cell lymphoma (MCL) cells 
[18, 19]. OR-S1 promotes quiescence in cancer cells by 
upregulating CDKN1C, which encodes p57 and blocks 
Rb phosphorylation. In vitro experiments have shown 
that OR-S1 causes 50% suppression of proliferation in 
MCL cell lines (Mino, JeKo-1, REC-1) at a dose less than 
one-tenth (< 100 nmol/L) that of GSK126 (> 1,000 nmo-
l/L). After treatment of mice bearing MCL patient-de-
rived xenografts with the new MCL drug ibrutinib, the 
tumour size has been found to reach nearly 40,000 mm3. 
Although one study has found that OR-S1 suppresses 
almost 90% of tumour growth, the treated mice sur-
vived only until study completion [19]. Despite its poten-
tial to induce quiescence in cancer cells and its in vivo 
tolerability, OR-S1 has yet to be clinically tested.

3.1.4 All-trans retinoic acid (ATRA)

ATRA is a derivative of vitamin A that has been clinically 
used for treating acute promyelocytic leukaemia [102] 
and can halt the progression of PDAC. Desmoplastic 
stroma, a prominent feature of PDAC, results from acti-
vated pancreatic stellate cells (PSCs) forming collagen- 
and fibronectin-enriched ECM. Because the compact 
ECM that encloses pancreatic cancer cells constricts blood 
vessels, the delivery of therapeutic agents to cancer cells 
is obstructed, thus leading to tumour outgrowth, metas-
tasis, and resistance to chemotherapy [103].

ATRA alters the microenvironment of pancreatic can-
cer cells by inducing quiescence of neighbouring PSCs 
and inhibiting the production of the ECM proteins (colla-
gen and fibronectin) [20, 21]. Additionally, quiescent PSCs 
release secreted frizzled-related protein 4 (sFRP4), which 
has a paracrine effect on adjacent cancer cells. sFRP4 
blocks the Wnt/β-catenin signalling pathway in cancer 
cells and consequently impairs their proliferation [21, 
80]. A phase I clinical trial has co-administered ATRA to 
all 27 enrolled patients with advanced and unresectable 
PDAC to normalise desmoplastic stroma, thus allowing 
gemcitabine and paclitaxel to penetrate the tumour tis-
sues (NCT03307148). Given its tolerability and promising 
median overall survival (11.7 months; 95% confidence 
interval: 8.6–15.7 months), ATRA is undergoing a phase 
II trial for locally advanced PDAC (NCT04241276) [104].

3.1.5 Sepantronium bromide (YM155) 

YM155, an inhibitor of survivin, exploits survivin over-
expression in various cancers. YM155 induces apoptosis 
and quiescence of cancer cells, and its cytotoxic action 
appears to preferentially act on cancer cells rather 
than normal cells [22, 23]. Survivin promotes cell cycle 
progression by affecting cell cycle-regulatory proteins. 
Bladder transitional cell carcinoma cells treated with 
20 nM YM155 for 48 h have been found to accumu-
late more QCCs than control cells [23]. Another study 

has observed that after treatment of multiple myeloma 
(MM) U266 and RMPI8226 cells with YM155, the apop-
totic G0 cells expanded by 35.1% and 43.2%, respec-
tively, with respect to the findings for untreated cells. 
YM155 significantly represses the mRNA levels of sur-
vivin, as well as the protein expression of Mcl-1 through 
proteasome degradation [22]. 

In vivo studies have reported that YM155 alone down-
regulates spontaneous metastasis in triple-negative 
breast cancer models. The addition of YM155 potenti-
ates radiotherapy, chemotherapy, and monoclonal anti-
body therapy for NSCLC, melanoma, pancreatic cancer, 
and B-cell non-Hodgkin lymphoma [105]. However, clin-
ical trials of YM155 as a monotherapy or combinatorial 
treatment in patients with cancer have shown low and 
non-durable anti-tumour efficacy, possibly because of the 
instability of YM155, which rapidly declines in the serum 
after the completion of treatment. Although modifica-
tion of the YM155 structure may improve its stability and 
anti-tumour activity, recent clinical trials of LY2181308 (a 
survivin antisense oligonucleotide) have indicated that 
structural modifications have not improved PFS and 
overall survival [105]. Given the role of survivin in reg-
ulating QCCs, exploring survivin inhibitors with greater 
potency and stability should prove interesting. 

3.2 Agents blocking QCCs re-entry into the cell 
cycle

3.2.1 Guttiferone K (GUTK)

GUTK, a polyprenylated acylphloroglucinol compound 
derived from Garcinia yunnanensis Hu., suppresses 
QCCs re-proliferation through c-MYC [24, 106]. c-MYC 
protein levels are substantially lower in quiescent cells 
than in proliferative prostate cancer cells, and these lev-
els rapidly increase during cell cycle re-entry. However, 
when cancer cells are released from quiescence, GUTK 
treatment stabilises FBXW7, the subunit of E3 ubiqui-
tin ligase that degrades the c-MYC protein. Hence, the 
increase in c-MYC protein expression is repressed along 
with increased degradation by FBXW7. GUTK, adminis-
tered either in vitro before transplantation or in vivo, 
retards the growth of quiescent prostate cancer cell xen-
ografts [24]. Although a preclinical study has revealed 
the inhibitory actions of GUTK in QCCs, its clinical appli-
cation in suppressing prostate cancer progression war-
rants further evaluation.

3.2.2 Safranal

Safranal, a monoterpene aldehyde from Crocus sativus, 
sustains prostate cancer cells in the quiescent state by 
suppressing the transcription of SKP2. The underlying 
mechanism involves downregulation of E2F1 and NF-κB 
at the transcriptional level, which in turn suppress the 
transcription of SKP2. Safranal additionally suppresses 
AKT phosphorylation and blocks both the canonical and 
noncanonical NF-κB signalling pathways. An in vivo study 
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has revealed that Safranal stunts the tumour growth of 
quiescent prostate cancer cell xenografts; depletes SKP2, 
E2F1, NF-κB p65, p-IkBa (Ser32), c-MYC, p-Rb (Ser807), 
CDK4, CDK6, and CDK2; and causes accumulation of 
p27 and p21 proteins. This preclinical evidence indicates 
that by targeting the NF-κB/E2F1–SKP2 axis, safranal can 
counteract cancer recurrence and progression [25].

3.3 Agents to eradicate QCCs
3.3.1 VLX600

VLX600 eradicates QCCs by disrupting OXPHOS meta-
bolism, particularly by downregulating the expres-
sion of mitochondrial cytochrome c oxidase-1 (COX-
1), which is crucial for mitochondrial OXPHOS. The 
OXPHOS blockade undermines the metabolism of 
oxygen-deficient quiescent cells, which rely heavily on 
OXPHOS to generate energy and survive. Apoptosis 
has been found to be triggered in the core region 
(mainly comprising quiescent cells) in 3D colon cancer 
cell culture after 72 h of VLX600 treatment, and the 
core region becomes necrotic with longer treatment 
durations. In addition to inhibiting OXPHOS, auto-
phagy is progressively activated from 24 h onwards in 
the core of in 3D cultured VLX600-treated cells, thus 
suggesting the activation of autophagic cell death. 
Compared with monolayer cell culture, the appli-
cation of 3D cell culture more closely mimics solid 
tumours that grow in three dimensions, such as the 
nutrient- and oxygen-deprived microenvironment, as 
observed in the hypovascularised tumours associated 
with higher drug resistance, restricted drug penetra-
tion, and altered drug response [26]. A phase 1 trial 
of VLX600 monotherapy in patients with refractory 
advanced solid tumours was terminated early, owing 
to low patient recruitment. Although the clinical effi-
cacy of VLX600 could not be assessed [107], laboratory 
findings regarding VLX600 have provided evidence 
that targeting OXPHOS may potentially eliminate 
QCCs.

3.3.2 ESI-09

ESI-09, a synthetic compound initially found to inhibit 
cAMP receptors, has recently been revealed to have 
preferential cytotoxicity towards quiescent NSCLC cells 
by blocking OXPHOS through disruption of the pro-
ton gradient across the mitochondrial inner membrane 
[27, 108]. Exposure to ESI-09 increases cell death in the 
core region in 3D culture, as well as serum-deprived qui-
escent NSCLC cells in 2D culture, and suppresses tumour 
growth in mice bearing lung tumours. Cell death in 
serum-deprived quiescent 2D culture occurs through 
apoptosis and necrosis, whereas necrotic lesions have 
been observed in the tumour sections of ESI-09-treated 
mice [27]. Despite the positive preclinical findings, ESI-
09 faces challenges for clinical use, owing to its narrow 
therapeutic window and its potential to decrease the 
viability of quiescent normal cells [27]. 

3.3.3 AZD7762, AZD6244, PD184352, CEP3891 

AZD7762 and CEP3891 are Chk1 inhibitors, whereas 
AZD6244 and PD184352 are MEK1/2 inhibitors [28]. 
AZD6244 has been marketed as selumetinib and 
approved for the treatment of thyroid cancer and neu-
rofibromatosis [109]. Combinatorial AZD7762/AZD6224 
and CEP3891/PD184352 treatment in quiescent multi-
ple myeloma RPMI8226 cells induces DNA damage and 
causes 40% and 51% cell apoptosis, respectively. The 
lethal effect is due to the significant upregulation of the 
pro-apoptotic protein Bim in quiescent MM cells. This 
combination treatment preferentially eradicates both 
proliferating and quiescent MM cells without affect-
ing normal haematopoietic cells [28]. A phase II trial in 
patients with relapsed or refractory MM has shown that 
AZD6244 monotherapy is well tolerated. However, the 
clinical response in that study was insignificant, possibly 
because of the heavily pre-treated population, thus sug-
gesting that suitable selection of a patient population is 
critical for apparent anti-tumour activity [110].

3.3.4 Clofazimine

Clofazimine is a clinically effective drug used for the 
treatment of leprosy and multi-drug-resistant tubercu-
losis. Recent evidence has indicated that clofazimine 
induces apoptosis in quiescent leukaemia stem cells 
(LSCs) in vivo, without harming normal haematopoietic 
stem cells. Clofazimine induces apoptosis in quiescent 
LSCs by blocking the transcription and translation of Bcl-
2. Co-administration of clofazimine with imatinib for 96 
h almost completely eradicates LSCs by intensifying the 
apoptosis of both quiescent and proliferative LSCs [29]. 
These findings support the potential use of clofazimine 
in specifically targeting quiescent LSCs.

3.4 Agents inducing QCC re-entry into the cell 
cycle and susceptibility to cancer treatment
Mirk kinase inhibitors, namely Compound A, EHT5372, 
and RO5454948, promote colon, ovarian, and pancreatic 
QCC re-entry into the cell cycle and prevent prolifera-
tive cancer cells from entering quiescence. These inhibi-
tors trigger the cell cycle re-entry of QCCs by increasing 
the levels of cyclin D and p130/Rb2 and downregulat-
ing p27. Additionally, ROS levels in QCCs increase after 
treatment with Compound A, EHT5372, or R05454948, 
thereby causing DNA damage and apoptosis [30-33]. 
Gemcitabine elevates ROS levels, and co-treatment of 
QCCs with Compound A potentiates the toxicity of gem-
citabine by further increasing ROS levels. After expo-
sure of serum-deprived Panc1 cells (59% in G0 phase) 
to Compound A and serum replenishment, intracel-
lular cyclin D is upregulated, leaving only 27% of cells 
in G0 phase. However, only replenishing the serum in 
serum-deprived Panc1 cells results in retention of 42% 
of the G0 cells [30]. Notably, Mirk kinase inhibitors do 
not exert these effects in quiescent normal cells, which 
have very low levels of DYRK1B, thus indicating that 
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their toxicity is confined to cancer cells and highlight-
ing their cancer selectivity properties [30, 33]. However, 
limited in vivo studies have examined Mirk kinase inhib-
itors. EHT5372 significantly decreases tumour size and 
prolongs the survival in xenografted mice, whereas the 
instability of RO5454948 in mice has hindered in vivo 
study [32].

4. DISCUSSION

Despite advances in cancer treatment, metastasis, and 
recurrence resulting from QCCs remain major causes of 
cancer mortality [6]. However, treatments relying solely 
on QCC-targeting agents face clinical issues, given that 
tumours are heterogeneously composed of both prolif-
erative cancer cells and QCCs. Therefore, the treatment 
response can be optimised by combining conventional 
cancer treatments, which mainly target proliferative 
cancer cells, with QCC-targeting agents [2, 26, 92]. 
Triggering QCC re-entry into the cell cycle sensitises them 
to the cytotoxic action of chemotherapy, thereby poten-
tiating the tumour response to chemotherapy [30, 111]. 
After conventional cancer treatments that are cytotoxic 
to proliferative cancer cells, inducing cancer cells to 
enter quiescence prolongs survival and disrupts in vivo 
tumour growth [10]. This treatment strategy could sup-
press cancer recurrence and metastases in patients with 
cancer, particularly those with special considerations, 
such as those who are pregnant and expected to give 
birth after cancer treatment, or those with unresecta-
ble tumours. Suppressing QCC re-entry into the cell cycle 
may repress their re-proliferation and consequently pre-
vent cancer metastasis and recurrence [112]. 

Clinically available QCC-targeting agents remain to be 
optimised. Currently, only CDKIs are used to delay the 
progression of advanced-stage breast cancer. Preclinical 
studies have identified potential therapeutic agents that 
induce/maintain or eradicate QCCs. However, hurdles 
have hindered progress in clinical studies and bedside 
applications. The efficacy and safety of QCC-targeting 
agents as monotherapies or in combination treatments 
must be clinically tested, thus prolonging the develop-
ment process. Potential agents such as VLX600, which 
act on both proliferative and quiescent cancer cells, are 
ideal candidates for cancer monotherapy and avoid con-
cerns regarding adverse events arising from combinato-
rial treatment. However, clinical trials of VLX600 have 
not been conducted, owing to the long duration and 
difficulties in recruiting sufficient numbers of patients 
with advanced-stage cancer [107]. 

Additional challenges in using QCC-targeting agents 
to suppress cancer recurrence and metastasis include 
patient safety, compliance, tolerability, and cost con-
cerns, which increase with treatment duration. Because 
QCCs may remain latent in the body for prolonged peri-
ods, patients may require lifelong treatment with agents 
to block QCC reactivation and avoid cancer progression 
[91]. For example, although imatinib has been clinically 

applied for haematological malignancies and GISTs [98], 
no complete trial has examined the use of imatinib for 
more than 5 years. A phase II study (NCT05009927) eval-
uating the progression-free rate, overall survival, and 
safety profile of 10-year imatinib treatment is expected 
to be completed in October 2024. The findings on the 
long-term use of imatinib are expected to support its 
potential QCC-inducing use for prolonged periods. 

Taking advantage of certain enzymes or proteins 
that are overexpressed in cancer cells but are absent in 
normal cells, or vice versa, may explain the selectivity 
of QCC-targeting agents such as VLX600 and YM155. 
By inhibiting OXPHOS and increasing AMPK phospho-
rylation, VLX600 preferentially kills quiescent colon can-
cer HCT116 cells but spares normal quiescent epithelial 
hTERT-RPE1 cells with unobservable systemic toxicity in 
xenografted mice. Its selective action on QCCs is attrib-
utable to the absence of AMPK phosphorylation and 
the presence of glycolysis, thus supplementing energy in 
normal cells [26]. As a survivin inhibitor, YM155 induces 
bladder transitional cell carcinoma to quiescence, while 
sparing normal human urothelial cells, which have sub-
stantially lower survivin expression than cancer cells [23]. 
In contrast, QCC-targeting agents may cause adverse 
effects when their selectivity decreases, owing to over-
lapping expression of the targeted protein or enzyme in 
cancer and normal cells. One such agent is RO5454948, 
which induces QCC reactivation through inhibition of 
the Mirk protein. Although Mirk is commonly overex-
pressed in cancer cells compared with normal cells, clin-
ical samples have shown that Mirk expression is signifi-
cantly upregulated in ovarian tumour tissues as well as 
in nearby normal epithelial cells [33]; therefore, toxicity 
to nearby normal cells is possible. Additionally, because 
bone marrow haematopoietic stem cells, germ cells, and 
intestinal epithelium cells in humans maintain active 
proliferation, some QCC-targeting agents that induce 
and maintain proliferating cells in quiescence through 
the regulation of cyclins may have inhibitory effects on 
these actively proliferating cells.

The biological and molecular characteristics of QCCs 
require further clarification. Bioinformatic analysis of 
the genomic, transcriptome, proteomic, and metabo-
lomic differences between QCCs and proliferative can-
cer cells may reveal the potential regulatory genes and 
signalling pathways involved in QCC survival and on/off 
switching of the quiescent state. Accurate in vivo and in 
vitro QCC models can be developed by regulating the 
identified on/off-switch genes controlling the transition 
of cancer cells into and out of quiescence. Among the 
complex signals that control QCC survival and prolifer-
ation, key proteins that are clinically correlated with 
patient outcomes must be identified. Moreover, whether 
these proteins act similarly across different cancer cells 
(e.g., cells at the tumour primary site vs. secondary sites, 
DTCs, or CTCs) must be clarified. Another challenge is 
determining the roles of key proteins in microenviron-
mental niches. Environmental and lifestyle factors, such 
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as smoking, diet, nutrition, and physical activity, have 
been reported to influence the tumour microenviron-
ment, thereby affecting cancer occurrence and progres-
sion [113, 114]. However, the exact targets influenced by 
the environment are unclear. Exploring whether these 
acquired factors modulate the survival and proliferation 
of QCCs should prove interesting. These findings will be 
important, because they might potentially be modified 
to suppress the clinical course of cancer and potentiate 
the response to therapy. 
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