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1896 [2], embark on a perilous voyage throughout the host 
body. While the bloodstream serves as a transportation route 
for CTCs, their ability to successfully establish metastatic 
colonies is hampered by hydrodynamic shear stress (HSS). 
An additional challenge encountered by CTCs is anoikis, a 
programmed cell death triggered by cell detachment from 
the correct extracellular matrix (ECM) [3], resulting in sig-
nificant attrition of CTCs. Both HSS and ECM detachment 
can elevate intracellular reactive oxygen species (ROS) lev-
els, rendering CTCs susceptible to oxidative damage. Fur-
thermore, immune cells, including natural killer (NK) cells 
and cytotoxic T lymphocytes (CTLs), attack and eliminate 
CTCs, increasing the difficulty of survival. These challenges 
are illustrated and discussed in detail in this review.

In recent years, accumulating research has elucidated the 
mechanisms enabling CTCs to survive in the bloodstream, 
including resistance to HSS, maintenance of redox balance, 
acquisition of anoikis resistance, and evasion of immune 
surveillance. Nonetheless, a more in-depth understanding 
of these underlying mechanisms is imperative and requires 
further investigation.

In this review, we present an overview of the latest 
advancements in understanding the survival mechanisms of 
CTCs and explore their implications for cancer treatment. 

1  Introduction

Despite significant advancements in cancer diagnostics and 
therapeutics, the formidable challenge of metastasis contin-
ues to cast a shadow over prognoses. The metastatic cascade 
is a complex, multistage process involving the journey of 
cancer cells from primary tumors to remote metastatic sites. 
This intricate process begins with detachment from the pri-
mary tumor, followed by invasion into the stroma, entry into 
the bloodstream, extravasation, and eventual colonization of 
distant niches [1]. These steps play a pivotal role in deter-
mining disease outcomes.

One of the key stages in the metastatic cascade involves 
the release of circulating tumor cells (CTCs) into the blood-
stream. These CTCs, first observed by T. R. Ashworth in 
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A comprehensive understanding of CTC survival has the 
potential to unveil novel therapeutic interventions. Such 
insights hold the potential to pave the way for innovative 
strategies aimed at enhancing the prognosis and treatment 
of metastatic cancers.

2  The biology of CTCs

The genomic signatures of CTCs exhibit significant varia-
tions across different cancer types and are distinct from 
those of primary tumors. Copy number aberrations (CNAs) 
refer to deletions or amplifications of chromosomes or genes 
in somatic cells. Identifying CNAs in CTCs facilitates the 
analysis and tracking of cancer profiles as tumors evolve, 
providing valuable insights into the molecular dynamics of 
cancer progression. In breast cancer, researchers have iden-
tified a recurrent gain signature in CTCs primarily involv-
ing genes associated with tumor aggressiveness, which was 
present at low frequencies in primary tumors [4]. Similarly, 
a study on epithelial ovarian cancer revealed that 17 somatic 
mutations were detected restrictively in captured CTCs 
but not in the corresponding tumor samples [5]. In a study 
involving patients with recurrent breast cancer with liver 
metastasis, CNAs of isolated CTCs shared nearly 82% of 
gain/loss regions with recurrent liver metastases [6]. In the 
context of melanoma research, a remarkable concordance 
in single-nucleotide polymorphism (SNP) profiles exceed-
ing 90% was observed between paired CTCs and their cor-
responding tumor metastases [7]. Additionally, recurring 
CNAs were also noted in systemic metastatic melanomas. 
In summary, the concordance of genomic signatures in 
CTCs and metastases suggests the presence of a mechanism 
through which specific genomic alterations are transmitted 
from localized metastatic foci to CTCs, thereby perpetuat-
ing their influence on distantly situated systemic metastases. 
Notably, the mutation pattern of CTCs differs from that of 
primary tumors, indicating that aberrant genomic changes 
are unique to CTCs.

Transcriptome analysis revealed notable decreases in 
the expression of key oncogenes, including MKI67 (Ki-
67), MYC (c-Myc), and CTNNB1 (β-catenin), in CTCs [8]. 
The decreased expression of MKI67 and MYC suggests a 
reduced proliferative capacity of CTCs, placing them in a 
state of dormancy. This dormancy of CTCs may explain the 
failure of cytotoxic chemotherapy regimens that target rap-
idly dividing cancer cells in patients with breast cancer [9]. 
Epithelial cell adhesion molecule (EpCAM) is employed 
for the identification and distinction of CTCs. The presence 
of EpCAM-positive CTCs is indicative of cancer metas-
tasis and an unfavorable prognosis [10]. Furthermore, the 
expression of epithelial markers, with EPCAM (EpCAM) 

as a prominent example, are also downregulated in CTCs 
[8], particularly during epithelial-to-mesenchymal transi-
tion (EMT) (see below for details). These findings suggest 
a potential loss of the epithelial phenotype in CTCs, thus 
elucidating the low detection rate of CTCs and the need 
to incorporate mesenchymal markers such as vimentin for 
more effective CTC detection.

The EMT is a physiological process in the development 
of embryogenesis and is involved in tumor metastasis [11]. 
During EMT, epithelial cancer cells undergo a phenotypic 
transition to the mesenchymal phenotype. This transfor-
mation is driven by a group of EMT-related transcription 
factors, including the ZEB family (ZEB1 and ZEB2), the 
SNAIL family (SNAIL and Slug), and the TWIST family 
[12]. Interestingly, EMT is observed more frequently in 
CTCs than in primary tumors across various cancer types, 
including hepatocellular carcinoma (HCC), castration-
resistant prostate cancer (CRPC), non-small cell lung cancer 
(NSCLC), and breast cancer [13–15]. In recent years, com-
pelling evidence has highlighted the important role of EMT 
in cancer progression, which is correlated with unfavorable 
clinical outcomes [15–18]. Upon extravasation to metastatic 
sites, rather than EMT, a process called mesenchymal-to-
epithelial transition (MET) occurs in mesenchymal CTCs 
[19]. Remarkably, the transition between EMT and MET is 
dynamic; MET is transient, and epithelial cancer cells con-
tinuously undergo EMT, thereby initiating the metastatic 
process anew [20].

A subset of CTCs gains a survival advantage in the blood 
circulation and exhibits self-renewal capabilities and the 
ability to induce tumor growth. These specialized CTCs are 
referred to as circulating tumor stem cells (CTSCs). The 
identification of CTSCs relies on the expression of specific 
cell surface markers, including CD44, CD133, and aldehyde 
dehydrogenase 1 (ALDH1) [21]. In patients with metastatic 
breast cancer, 35.2% of CTCs in the peripheral blood were 
characterized as CD44+/CD24−/low, and 17.7% were identi-
fied as ALDH1high/CD24−/low [22]. In addition, in the con-
text of HCC, 71.4% of patients with HCC had CTCs that 
tested positive for CD44 [23]. These findings suggest that a 
significant proportion of CTCs in patients possess stemness 
properties.

Recent research has shown a strong correlation 
between stemness properties and the EMT process in 
CTCs. CD44+CD24−/low cancer stem cells can arise from 
CD44lowCD24+ human mammary epithelial cells follow-
ing abnormal stimulation of the Ras/MAPK pathway driven 
by EMT induction [24]. Consistent with these findings, 
the Weinberg laboratory reported that EMT induction via 
Twist1 and Snail leads to the acquisition of mesenchymal 
traits and stemness characteristics in immortalized human 
mammary epithelial cells, thereby establishing a direct 
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connection between EMT and the acquisition of character-
istics resembling epithelial stem cells [25]. This dual phe-
notype of CTCs, characterized by both EMT and stemness 
properties, represents a subpopulation that exhibits resis-
tance to chemotherapy and serves as an independent pre-
dictor of unfavorable prognosis in patients with metastatic 
breast cancer (Fig. 1) [26].

3  Survival challenges encountered by CTCs 
in the blood circulation

While serving as a transportation route, the bloodstream 
strikingly compromises the viability of CTCs due to the 
presence of HSS. The average HSS levels in arterial flow 

range from 4 to 30 Dyn cm–2; in venous circulation, they 
span from 1 to 4 Dyn cm–2; and within capillaries, they 
range from 10 to 20 Dyn cm–2 [27]. Within arteries and 
capillaries, CTCs experience deformation caused by con-
siderable shear stress, resulting in cellular fragmentation 
and subsequent death. However, cellular fragmentation 
can be a double-edged sword as it can facilitate metasta-
sis. In a mouse lung metastasis visualization experiment, 
pioneer metastatic B16F10 melanoma cells shed micropar-
ticles which are actually cellular fragments with preserved 
metabolic motility driven by shear stress [28]. These mic-
roparticles are ingested by myeloid lineage cells, including 
neutrophils, monocytes, and macrophages, consequently 
priming an early prometastatic niche for future metastasis. 
An HSS of 12 Dyn cm–2 induces G2/M arrest in cancer 

Fig. 1  The biology of CTCs. CTCs are characterized by the distinc-
tive genome and transcriptome signatures, as well as the presence of 
epithelial-to-mesenchymal transition (EMT) and stemness properties. 
(a) The mutation pattern of CTCs differs from that of primary tumors 
but is similar to that of metastatic lesions. (b) Oncogenes such as 
MKI67, MYC, and CTNNB1 are downregulated, along with the epithe-
lial marker EPCAM. (c) During EMT, epithelial cancer cells undergo 
a phenotypic transition into the mesenchymal phenotype driven by the 

ZEB family, the SNAIL family, and the TWIST family. Conversely, 
MET, which is the process contrast to EMT, occurs in mesenchymal 
CTCs upon extravasation to metastatic sites. (d) CTSCs can be iden-
tified by specific cell surface markers including CD44, CD133, and 
ALDH1. CTCs can acquire stemness properties through EMT. CNAs, 
copy number aberrations; MET, mesenchymal-to-epithelial transition; 
ALDH1, aldehyde dehydrogenase 1; CTSCs, circulating tumor stem 
cells
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the absence of correct connections either between cells or 
between cells and the ECM [3]. Despite its distinct char-
acterization, anoikis fundamentally represents an apoptotic 
mechanism. The correct adhesion of a cell to ECM proteins 
plays a crucial role in determining whether the cell is prop-
erly positioned. Integrins mediate cellular attachment to the 
ECM, leading to the activation of intracellular signaling 
molecules that support cell survival. Focal adhesion kinase 
(FAK) is an essential integrin signaling component that is 
engaged within focal adhesions upon cell–ECM contact 
[41]. FAK exerts influence on various essential cellular pro-
cesses, including the phosphatidylinositol 3-kinase (PI3K)/
AKT signaling pathway and the MAPK pathway. After 
detachment from the ECM, CTCs are effectively removed 
by anoikis, as they are displaced cells. Therefore, anoikis 
functions as a fundamental mechanism that disrupts the 
reattachment of CTCs to distant metastatic organs [3]. The 
elimination of CTCs by anoikis involves both extrinsic and 
intrinsic apoptotic pathways, as previously discussed for 
ROS. Briefly, in the extrinsic pathway, cell surface death 
receptors, such as Fas (CD95/APO-1), are stimulated by 
corresponding ligands such as TNF-α. This stimulation 
leads to caspase 8 activation via Fas-associated protein with 
death domain (FADD), ultimately resulting in anoikis via 
caspase 3 activation [42]. In the intrinsic apoptotic pathway, 
initiation occurs at the mitochondrial membrane, where 
proapoptotic proteins such as Bax create pores in the outer 
mitochondrial membrane. This action leads to the release of 
substances such as cytochrome c, which assemble into the 
apoptosome complex to activate caspase 9. Subsequently, 
caspase 3 is activated, ultimately leading to anoikis.

CTCs can be eliminated by immune surveillance medi-
ated by various leukocyte populations. This process encom-
passes both innate surveillance carried out by NK cells 
and macrophages and adaptive surveillance conducted by 
T‑helper cells and cytotoxic T cells [43]. The elimination 
of CTCs by different types of immune cells blocks the 
establishment of distant metastases. NK cells, which are 
the principal members of the innate lymphoid cell family, 
contribute to protection against certain viruses and tumor 
cells through cytotoxicity mediated by IFN-γ, granzymes, 
and perforin [44]. Major histocompatibility complex class I 
(MHC I) expression on the tumor cell surface decreases to 
escape MHC class I-restricted elimination by CD8 + T cells 
[45]. NK cells, as alternative immune defense agents, elimi-
nate tumor cells with MHC I deficiency [46, 47]. Compared 
with primary tumor-derived cells, CTCs exhibit reduced 
MHC I expression in HCC [13], which can be targeted 
by NK cells. The number of CTCs in mice with perforin-
deficient NK cells was 2.8 times greater than that in mice 
with normal NK cells [48]. Additionally, computational 
modeling demonstrated that perforin-dependent killing of 

cells, whereas under static conditions, cancer cells tend to 
exhibit G0/G1 arrest [29]. Furthermore, when subjected to 
HSS ranging from 15 to 30 Dyn cm–2, the production of 
ROS within CTCs increases, leading to mitochondrial dam-
age and the induction of apoptosis [30]. Conversely, lower 
HSS levels (5 Dyn cm–2) do not have such an impact. Under 
conditions of extremely high HSS, specifically 60 Dyn cm–2 
(common during intense exercise), necrosis occurs in more 
than 90% of CTCs within the initial 4 h of circulation [31]. 
When confronted with challenges from HSS, only 40–60% 
of metastatic cells manage to withstand the disruptive forces 
of the bloodstream, demonstrating the inefficiency of the 
metastatic process [32]. HSS also impacts CTC cluster-
ing. According to an in vitro study of triple-negative breast 
cancer cells, even low shear stress (2 Dyn/cm2) can cause 
the dissociation of CTC clusters, and with increasing shear 
stress (5 Dyn/cm2 or 20 Dyn/cm2), the reduction in clus-
ter size is more significant [33]. High levels of HSS in the 
blood flow impede the survival of CTCs, whereas low lev-
els of HSS in the interstitial fluid facilitate cell migration. 
Shear stress in the interstitial fluid increases the expression 
of αvβ3 integrins, thereby initiating downstream signaling 
and leading to elevated levels of MMP-9, which enhances 
the migratory capacity of PC3 prostate cancer cells [34]. In 
addition, the mechanosensitive ion channel Piezo1 is upreg-
ulated by shear stress in the interstitial fluid, subsequently 
activating Src and YAP, ultimately resulting in enhanced 
motility and increased migration speed in PC3 cells [35].

CTCs encounter elevated levels of oxidative stress from 
multiple sources, including HSS, abundant oxygen within 
the bloodstream [36], and ECM detachment [37]. Oxidative 
stress is characterized by an excess of ROS which have a 
short lifespan and strong reactivity. Generally, high ROS 
levels trigger apoptosis through various pathways: (1) the 
intrinsic pathway mediated by mitochondria, (2) the extrin-
sic pathway involving death receptors, and (3) the endo-
plasmic reticulum (ER) stress-related pathway. Among 
these pathways, mitochondria play a central role in trigger-
ing apoptosis. Mechanistically, the accumulation of ROS 
initiates the mitochondrial apoptotic pathway by damaging 
mitochondrial DNA (mtDNA), disrupting the permeabil-
ity of the mitochondrial membrane, releasing cytochrome 
c into the cytosol, and activating caspase 3 via caspase 9 
mediation [38]. ROS can also directly cause harm to nuclear 
DNA to activate the intrinsic mitochondrial pathway, conse-
quently initiating apoptosis in CTCs [39]. Moreover, within 
a blood environment abundant in both oxygen and iron, 
ROS can induce ferroptosis in CTCs, which is a regulated 
form of cell death triggered by iron-dependent lipid peroxi-
dation (LPO) [40].

The term “anoikis”, derived from the Greek word for 
homelessness, refers to programmed cell death induced by 
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cancer model. NK cells selectively kill single CTCs, which 
have a low ability to inhibit NK cell activity due to the loss 
of cell–cell adhesion by EMT [54]. This selective killing 
leads to a more effective suppression of monoclonal metas-
tasis compared with polyclonal metastasis formed by CTC 
clusters.

In summary, CTCs face several challenges during cir-
culation in the blood. These challenges include the tearing 
forces exerted by HSS, oxidative damage resulting from 
ROS, anoikis triggered by ECM detachment, and elimi-
nation by immune cells (Fig. 2). Despite these formidable 
challenges, a minor proportion of CTCs persistently man-
age to endure within the bloodstream. Consequently, it is 
imperative to unravel the intricate mechanisms by which 
these CTCs sustain their survival while in circulation.

4  Survival mechanisms of CTCs in the blood 
circulation

The ability of CTCs to withstand various challenges, includ-
ing HSS, oxidative damage, anoikis, and immune surveil-
lance, plays a crucial role in their adaptation and persistence 
within the bloodstream. These mechanisms collectively 

NK cells effectively eliminated 80% of CTCs. Together 
with NK cells, macrophages have an impact on innate sur-
veillance. After antitumor monoclonal antibody treatment, 
liver macrophages (Kupffer cells) can recognize and arrest 
CTCs, inducing antibody‑dependent phagocytosis of CTCs 
[49]. Most related studies have focused on the associations 
between CTCs and intratumoral, peritumoral, or stromal 
lymphocytes [50–52]. In these studies, antitumor immunity 
was suppressed and linked to worse outcomes. However, 
the influence of lymphocytes on regulating the viability of 
peripheral cancer cells has not been thoroughly investigated. 
This lack of exploration could be explained by the fact that 
adaptive surveillance exhibits delayed responsiveness and 
comparatively lower sensitivity than immediate and robust 
innate surveillance within the circulation. Before T‑helper 
cells and cytotoxic T cells can contact CTCs, NK cells and 
macrophages have already eliminated these “dangerous” 
cells. Indeed, a recent study reported that among multiple 
types of immunocytes, CTCs predominantly interact with 
NK cells in the blood circulation of patients with pancreatic 
ductal adenocarcinoma (PDAC) [53]. NK cells primarily 
perform antitumor functions in the blood circulation rather 
than in primary/metastatic lesions. The interaction between 
CTCs and NK cells was also confirmed in a mouse breast 

Fig. 2  Survival challenges encountered by CTCs in the blood circula-
tion. Four major challenges that CTCs confront in the blood circula-
tion include the ripping forces from HSS, oxidative damage due to 
intracellular ROS, anoikis induced by cell detachment from ECM, and 
elimination by immune cells. (a) Different levels of HSS have different 
effects on cells. (b) High ROS levels trigger apoptosis through three 
pathways: (1) the intrinsic pathway mediated by mitochondria; (2) 
the extrinsic pathway involving death receptors; and (3) the pathway 

related to ER stress. Additionally, ROS can induce ferroptosis driven 
by LPO. (c) Anoikis involves both extrinsic and intrinsic apoptotic 
pathways that engage different apoptotic cascades. (d) CTCs can be 
eliminated through innate surveillance carried out by NK cells and 
macrophages (Kupffer cells), along with adaptive surveillance per-
formed by T‑helper cells and cytotoxic T cells. HSS, hydrodynamic 
shear stress; ROS, reactive oxygen species; LPO, lipid peroxidation; 
ER, endoplasmic reticulum; NK, natural killer
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can stimulate the proliferation of colorectal CTC clusters 
through the ANXA1/PI3K/AKT signaling pathway [64]. In 
prostate cancer, macrophages can enhance the adhesion of 
CTCs, leading to the formation of protective cell clusters 
[65]. This phenomenon thereby supports the survival of 
CTCs during the crucial initial phases of metastasis.

In summary, maintaining cell membrane integrity, opti-
mizing biophysical properties such as cell stiffness and flu-
idity, regulating the nucleus, and fostering cell aggregation 
collectively contribute to HSS resistance.

4.2  Maintenance of redox balance

Both HSS and chemotherapeutic drugs can elevate ROS 
levels in CTCs. In response to the oxidative damage primar-
ily caused by ROS, CTCs have evolved their own protec-
tive mechanisms to maintain redox balance. Notably, CTCs 
can increase manganese superoxide dismutase (MnSOD) 
levels to scavenge the elevated primary free radical and 
superoxide anion production triggered by HSS in mitochon-
dria [30]. This defense mechanism contributes to resistance 
against the chemotherapeutic agent doxorubicin (DOX), 
which similarly induces mitochondrial superoxide produc-
tion in patients with breast cancer.

The metabolic switch confers a survival advantage to 
CTCs by reducing ROS generation. Colorectal CTCs upreg-
ulate the expression of atonal bHLH transcription factor 8 
(ATOH8) in response to HSS [66]. This upregulation tran-
scriptionally activates the glycolytic enzyme hexokinase 2 
(HK2), which suppresses ROS production by promoting 
glycolysis. Intratumor hypoxia leads to the shedding of CTC 
clusters [67], which subsequently creates a hypoxic envi-
ronment in the center of the cell clusters. This environment 
triggers hypoxia-inducible factor 1 alpha (Hif1α)-mediated 
mitophagy, a mechanism that eliminates dysfunctional 
mitochondria and reduces ROS production [68]. To adapt 
to hypoxia and mitochondrial defects, detached cell clus-
ters induce a switch from mitochondrial oxidative phos-
phorylation to glycolysis, which is supported by reductive 
glutamine metabolism through cytosolic NAD + recycling, 
consequently preventing ROS accumulation.

Ferroptosis is a distinct form of cell death triggered by 
ROS, and the ability to resist ferroptosis is essential for the 
survival of CTCs. Sterol regulatory element-binding protein 
2 (SREBP2), a regulator of lipogenesis, induces the tran-
scription of transferrin (TF) in melanoma CTCs [69]. The 
increased intracellular TF sequesters iron, resulting in a 
reduction in labile free iron pools, which leads to decreased 
ROS levels and lipid peroxidation. These effects collec-
tively confer resistance against ferroptosis on CTCs.

In conclusion, CTCs employ diverse strategies, involving 
increasing MnSOD levels; metabolic switching, including 

facilitate the survival of CTCs, ultimately contributing to 
their successful metastatic dissemination. Elucidation of 
these survival mechanisms not only expands our fundamen-
tal knowledge of cancer progression but also has potential 
implications for the development of targeted therapeutic 
interventions aimed at disrupting these mechanisms and 
preventing the metastatic spread of tumor cells.

4.1  Resisting HSS

The primary factor leading to cell death due to HSS is dam-
age to the plasma membrane. The ability to either avoid 
such membrane damage or effectively restore the impaired 
plasma membrane determines the resistance of CTCs to 
HSS [55]. Additionally, elevated resistance to HSS-trig-
gered apoptosis is linked to augmented cell stiffness and 
diminished cell fluidity. Following repeated exposure to 
HSS, the plasma membranes of CTCs become resistant to 
damage, which is dependent on extracellular calcium and 
rapid actin cytoskeleton dynamics [56]. Recent reports have 
indicated that CTCs activate the RhoA/actomyosin signal-
ing axis to protect themselves from HSS-induced plasma 
membrane damage [57]. Furthermore, CTCs improve their 
biophysical properties through EMT as a survival strategy 
in the bloodstream. HSS promotes CTCs to undergo EMT 
and exhibit stemness properties [58]. This effect is a result 
of ROS/nitric oxide (NO) production coupled with the inhi-
bition of the extracellular signal-related kinase (ERK)/gly-
cogen synthase kinase (GSK) 3β pathway. These combined 
actions confer adaptability on epithelial tumor cells, allow-
ing them to sustain their undifferentiated mesenchymal 
stem cell properties. As a result, CTCs endure within the 
peripheral blood circulation. Consistently, ​low HSS (2 Dyn 
cm–2) can induce EMT in renal cell carcinoma (RCC) cells 
via Yes-associated protein 1 (YAP1) activation and nuclear 
localization [59].

Regulation of the cell nucleus also contributes to HSS 
resistance. Nuclear lamins A and C play pivotal roles as 
essential structural elements, conferring resistance to death 
induced by HSS within the bloodstream on CTCs [60]. In 
addition, HSS can increase nuclear size via histone acety-
lation, which serves to protect CTCs from HSS-induced 
destruction [61].

Moreover, CTCs can aggregate into stable cell clusters 
within the bloodstream through E-cadherin and cortical 
actin-myosin dynamics to resist HSS [62]. The formation 
of CTC aggregates can also be induced by reactive cancer-
associated fibroblasts (CAFs), along with soluble factors 
derived from these reactive CAFs, including CCL2, CCL7 
and CXCL5 [63]. These soluble factors contribute to main-
taining cell viability, ultimately resulting in CTC resistance 
to HSS. Similarly, the membrane damage triggered by HSS 
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ovarian cancer (HGSOC) [78–80]. Under detached culture 
conditions, CPT1A expression is induced by upregulation 
of the transcription factor ETV4 and downregulation of the 
ubiquitin enzyme RNF2 [78]. This coordinated mechanism 
leads to increased CPT1A expression at both the mRNA and 
protein levels. The induction of CPT1A maintains redox 
homeostasis by supplying reduced glutathione (GSH) for 
ROS elimination [78, 79] and sustains mitochondrial res-
piration by utilizing monounsaturated fatty acids (MUFAs) 
[80], thereby contributing to cancer cell protection against 
anoikis. Notably, the Warburg effect contributes to anoikis 
resistance in cancer cells by attenuating the excessive pro-
duction of ROS, which are byproducts of oxidative metabo-
lism. The Warburg effect, named after the discoverer Otto 
Warburg, refers to tumor cells’ preference for glycolysis 
over mitochondrial oxidative phosphorylation even under 
aerobic conditions [81]. This process is also known as aero-
bic glycolysis. Pyruvate dehydrogenase (PDH) converts 
pyruvate to acetyl coenzyme A (CoA), which subsequently 
enters the mitochondrial TCA cycle and undergoes oxida-
tive phosphorylation. PDH can be inactivated by pyruvate 
dehydrogenase kinases (PDKs) through phosphorylation of 
the E1α subunit [82]. PDKs are significantly upregulated in 
different types of human cancer cells, resulting in decreased 
oxidative metabolism and reduced ROS levels through the 
inhibition of PDH activity. Consequently, inherent resis-
tance to anoikis is observed in cancer cells [83]. The tran-
scriptional upregulation of PDK1 by Hif1 in response to 
intratumoral hypoxia-induced metabolic adaptation leads 
to a shift from oxidative metabolism toward glycolysis and 
constrains ROS generation [84]. As mentioned above, cell 
clustering triggers hypoxia in CTCs, thereby activating 
Hif1. In detached glioma cell clusters, activation of Hif1-
dependent transcription leads to upregulation of PDK1 
expression, subsequently attenuating the levels of ROS and 
preventing anoikis [85]. Hif1 activity can be upregulated in 
a hypoxia-independent, ROS-dependent manner in response 
to oxidative stress, which in turn reduces cellular ROS lev-
els by reprogramming glucose metabolism [86]. Hence, 
Hif1 can also be activated by detachment-induced ROS 
accumulation in glioma CTC clusters, enabling resistance 
to anoikis [85].

Cell aggregation enhances not only resistance to HSS but 
also anoikis resistance. Lipid rafts are specialized regions 
within cell membranes enriched with cholesterol, sphingo-
lipids, and proteins [87]. The detachment of cells from the 
ECM disrupts these lipid rafts, ultimately triggering anoikis 
[88]. A recent study reported that CD44 acts as a mediator 
of CTC aggregation, preserving the structural integrity of 
lipid rafts following cell detachment [89]. This preservation 
of lipid rafts subsequently activates the Rac1–Pak2 signal-
ing pathway, effectively preventing anoikis and facilitating 

ATOH8-induced HK-2 activation and cell clustering; and 
SREBP2-mediated TF upregulation, to manage ROS levels 
and ensure survival.

4.3  Acquisition of anoikis resistance

A plethora of pro-survival signals are activated after detach-
ment of the ECM. Midkine, a basic heparin-binding growth 
factor, confers resistance to anoikis on CTCs by activat-
ing its receptor anaplastic lymphoma kinase (ALK) on 
the PI3K/AKT/NF-κB/TrkB signaling pathway [70]. High 
serum midkine levels in patients with HCC compared with 
healthy individuals were significantly associated with both 
CTC counts and postoperative recurrence. Following matrix 
detachment, the antiapoptotic molecule alphaB-crystallin 
is activated through the inhibition of ERK signaling [71]. 
This process suppresses caspase activation and the initia-
tion of anoikis triggered by matrix detachment. In addition, 
the adhesion of platelets reduces the anoikis of CTCs by 
promoting YAP1 dephosphorylation and translocation to the 
nucleus [72]. This action triggers the activation of a gene 
expression profile conducive to cell survival.

Cells that have detached from the ECM experience nutri-
ent scarcity, which constrains their capacity for energy gen-
eration [37]. Glutamate can be converted to α-ketoglutarate 
(a-KG) by glutamate dehydrogenase 1 (GDH1) in the mito-
chondria [73]. ECM detachment induces the upregulation of 
GDH1 and subsequently promotes the production of a-KG, 
which can bind and activate calcium/calmodulin-dependent 
protein kinase kinase 2 (CamKK2) [74]. In liver kinase B1 
(LKB1)-deficient lung cancer, CamKK2 substitutes for 
LKB1 to activate 5’AMP-activated protein kinase (AMPK). 
This activity contributes to the production of energy for 
anoikis resistance and metastatic promotion.

ROS play dual roles in anoikis resistance by either pro-
moting or inhibiting this process. ROS generation effec-
tively enables CTCs to prevent anoikis through various 
mechanisms. In the presence of low HSS (2 Dyn cm–2), the 
production of ROS and (•)NO increases the stabilization of 
caveolin-1 in suspended cancer cells by hindering ubiquiti-
nation and proteasomal degradation [75]. This increase in 
caveolin-1 enhances the capacity of cancer cells to resist 
anoikis. The enzyme NADPH oxidase 4 (NOX4) is respon-
sible for generating ROS. NOX4-generated ROS upregulate 
epidermal growth factor receptor (EGFR), consequently 
promoting resistance to anoikis in lung [76] and gastric [77] 
cancers. The elimination of ROS via carnitine palmitoyl 
transferase 1 A (CPT1A) is also critical for anoikis resis-
tance. CPT1A, a key rate-limiting enzyme of fatty acid 
oxidation (FAO), is prominently upregulated in several can-
cer types, including esophageal squamous cell carcinoma 
(ESCC), colorectal cancer (CRC), and high-grade serous 
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function of T cells through inhibiting proliferation, impact-
ing survival, and reducing cytokine production [101]. Mazel 
et al. first reported that the proportion of PD-L1 expres-
sion on CTCs was 68.8% in patients with breast cancer, 
with the proportions of CTCsPD−L1(+) ranging from 0.2 to 
100% [102]. A recent systematic review and meta-analysis 
indicated that a correlation existed between PD-L1 expres-
sion on CTCs in the peripheral blood of patients with can-
cer and an unfavorable prognosis, characterized by shorter 
overall survival (OS) and progression-free survival (PFS) 
[103]. Another molecule, CD47, is overexpressed on CTCs 
and serves as an antiphagocytic factor, shielding cells from 
clearance by macrophages [8]. In metastatic breast cancer, 
CTCs coexpress both CD47 and PD-L1 are associated with 
a poor prognosis, highlighting the potential contributions of 
both innate and adaptive immune evasion mechanisms to 
the metastatic process [104]. The recently identified liver-
secreted protein FGL1 has been recognized as a major func-
tional ligand of lymphocyte-activation gene 3 (LAG-3). 
Upon binding to LAG-3, the activation of antigen-specific 
T cells is inhibited [105]. FGL1 + CTCs were detected in 
36.7% of patients with HCC [106]. A greater percentage of 
these patients had advanced TNM stage, distant metastasis, 
poorer postoperative survival, and resistance to immuno-
therapy than did patients with FGL– CTCs, indicating the 
facilitating effect of FGL1 on tumor progression.

Furthermore, CTCs can induce apoptosis in Fas-positive 
T-helper cells via the Fas/FasL pathway, resulting in a loss 
of long-term antigen activation in CD8+ T cells and an inef-
fective antitumor cellular response [107]. Another crucial 
regulator in the immune evasion of CTCs is the immuno-
suppressive chemokine CCL5. CCL5 is upregulated within 
CTCs via the p38/MAX signaling pathway, which recruits 
Tregs to promote immune evasion and create a prometastatic 
microenvironment [108]. Tregs in turn secrete TGF-β1 to 
active the p38/MAX signaling pathway, thereby establish-
ing a positive feedback loop of TGF-β1/p38/MAX/CCL5 
signaling pathway.

Apart from the intrinsic adaptive mechanisms discussed 
above, CTCs also engage in collaborative interactions with 
other cells present in the bloodstream to evade immune 
surveillance. Several studies have highlighted the role of 
platelet activation in facilitating tumor dissemination by 
providing protection to CTCs from NK cells. NK cell-medi-
ated lysis necessitates direct contact with the target cells, 
but platelet-forming microthrombi act as a physical barrier, 
preventing NK cell–CTC contact and thus allowing CTCs 
to evade NK cell-mediated elimination [109]. Furthermore, 
platelet coating results in the transfer of platelet-derived 
normal MHC class I onto the CTC surface, which can be 
recognized by NK cells via inhibitory killer immunoglob-
ulin-like receptor (KIR), thus inhibiting the cytotoxicity of 

metastasis in triple-negative breast cancer. In addition, 
NOX4 induces upregulation of the ECM component fibro-
nectin, thereby promoting enhanced cell‒cell desmosomal 
interactions through desmoglein-2, desmocollin-2/3, and 
plakoglobin [90]. These augmented interactions facilitate 
the aggregation of CTCs, thus counteracting anoikis. The 
presence of fibronectin expression holds clinical signifi-
cance as it is correlated with unfavorable survival outcomes 
among patients with cancer.

It should be noted that the tumor microenvironment 
(TME) also impacts CTC resistance to anoikis. Within 
the TME, the anoxic microenvironment and the Warburg 
effect contribute to the development of acidic conditions. 
Melanoma cells cultured under low-pH conditions (pH 6.7), 
whether for a short duration (24 h) or an extended period 
(at least 3 months), exhibit comparable characteristics of 
resistance to anoikis [91]. Subsequently, these cells survive 
after injection into the bloodstream in mice. Additionally, 
an acidic pH facilitates autocrine signaling of transforming 
growth factor-beta 2 (TGF-β2), leading to the accumulation 
of lipid droplets [92]. These droplets serve as energy reser-
voirs, enhancing the ability of cancer cells to resist anoikis 
and reinforcing their invasion.

In summary, CTCs exhibit resistance to anoikis through 
a range of mechanisms, encompassing the activation of 
prosurvival signals, energy production, ROS generation or 
elimination, cell aggregation, and adaptation to an acidic 
tumor microenvironment.

4.4  Evading immune surveillance

The immune system functions as the body’s defense mecha-
nism against tumor progression, and the ability of CTCs to 
evade the immune surveillance plays a crucial role in deter-
mining their fate during the metastatic process. To escape 
immune surveillance, CTCs express molecules to protect 
themselves, such as Survivin, inhibitory immune check-
points, including programmed death ligand 1 (PD-L1) and 
CD47 (acting as a “do not eat me” signal), and fibrinogen-
like protein 1 (FGL1). Survivin, also known as BIRC5, is 
an apoptosis inhibitor that is expressed in cells undergoing 
active proliferation [93]. Survivin expression in cancer cells 
provides protection against NK cell cytotoxicity [94]. Sur-
vivin is widely expressed in CTCs in patients with breast 
cancer, gastric cancer, colorectal cancer, NSCLC, ESCC, 
and metastatic colorectal cancer (mCRC), indicating poor 
prognosis [95–99]. A negative correlation between Survivin 
expression in CTCs and immune cell (including lympho-
cytes, dendritic cells, and monocytes) infiltration in the cir-
culation has been identified in patients with osteosarcoma, 
highlighting its pivotal role in immune evasion [100]. The 
presence of PD-L1 on cancer cells impaired the viability and 
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5  Therapy strategies targeting the survival 
mechanisms of CTCs

Considering that the majority of patient deaths result from 
metastasis rather than from the primary tumor, the identi-
fication of novel therapeutic targets for early-stage metas-
tasis, particularly focusing on the survival mechanisms of 
CTCs, holds profound significance. Nonetheless, the pur-
suit of effective CTC treatments is limited by their scarcity, 
necessitating further therapeutic investigations. This section 
is dedicated to providing a comprehensive list of specific 
drugs that directly target CTCs, regardless of their clinical 
application (Table 1).

5.1  Restoring antitumor immunity

In recent years, a significant focus of antitumor immuno-
therapy has centered around the utilization of immune 
checkpoint inhibitors (ICIs) for treatment. The blockade of 
immune checkpoints is similar to the release of brakes on 

NK cells [110]. CTCs can engulf platelets and acquire the 
platelet-derived protein RGS18 during this process [53]. 
Subsequently, RGS18 activates the AKT/GSK3b/CREB 
signaling pathway, leading to the upregulation of HLA-E. 
The elevated levels of HLA-E interact with CD94-NKG2A 
on NK cells, forming an immune checkpoint pair that ham-
pers immune surveillance against CTCs in circulation. In 
addition, neutrophils can protect CTCs from immune elimi-
nation by dampening NK cell function [111]. MDSCs are 
recognized for their robust ability to hinder T-cell responses 
through different mechanisms [112]. Adhesion to MDSCs 
acts as a defensive barrier for CTCs, providing them with 
sufficient protection to facilitate immune evasion [113].

In summary, CTCs express immunosuppressive mole-
cules and interact with other cells to induce immune evasion 
for survival within the bloodstream (Fig. 3).

Fig. 3  The survival mechanisms of CTCs in the blood circulation. 
Resisting to HSS, maintenance of redox balance, acquisition of anoikis 
resistance and escape immune surveillance contribute to the adapta-
tion and survival of CTCs in the blood circulation. (a) HSS resistance 
in CTCs is acquired through maintenance of cell membrane integrity, 
optimization of biophysical properties such as cell stiffness and fluid-
ity, regulation of the cell nucleus, and promotion of cell aggregation. 
(b) The expression of MnSOD and the metabolic switch mechanisms, 
including ATOH8-induced HK-2 activation and cell clustering, col-
lectively contribute to constraining ROS levels. SREBP2-mediated 
TF upregulation confers resistance to ferroptosis on CTCs. (c) CTCs 
resist anoikis by activating pro-survival signals, producing energy, 

generating or eliminating ROS, aggregating, and adapting to an acidic 
tumor microenvironment. (d) CTCs express immunosuppressive mol-
ecules and interact with other cells to evade immune surveillance. 
HSS, hydrodynamic shear stress; ATOH8, Atonal bHLH transcription 
factor 8; MnSOD, manganese superoxide dismutase; ROS, reactive 
oxygen species; SREBP2, sterol-regulatory element binding protein 
2; TF, Transferrin; TME, tumor microenvironment; PD-L1, regulator 
programmed death ligand 1; DCs, dendritic cells; Tregs, regulatory 
cells; MDSCs, myeloid-derived suppressor cells; NK, natural killer; 
FGL1, fibrinogen-like protein 1; LAG-3, lymphocyte-activation gene 
3; MHC I, major histocompatibility complex class I; KIR, inhibitory 
killer immunoglobulin-like receptor
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Individuals with PD-L1 expression on either tissue or CTCs 
exhibit notably improved median progression-free survival 
(mPFS) after immunotherapy compared with PD-L1-nega-
tive patients. The presence of PD-L1 on CTCs offers a valu-
able supplementary indicator of the potential efficacy of 
immunotherapy, aiding in the identification of patient sub-
sets that could derive benefits from such treatment strate-
gies. CD47 can bind to SIRPα on macrophages, transmitting 

antitumor immunity, thereby activating the immune sys-
tem to eliminate CTCs in the blood circulation. The key 
mediators in the immune escape of CTCs are PD-L1 and 
CD47, which act as “do not find me” and “do not eat me” 
signals, respectively. Immunotherapies targeting PD-1/
PD-L1 (such as nivolumab, pembrolizumab, sintilimab 
and tislelizumab) have demonstrated enhanced therapeu-
tic outcomes in patients with PD-L1-positive CTCs [114]. 

Table 1   Summary of Therapy Strategies Targeting the Survival Mechanisms of CTCs
Therapy 
strategies

Targets Drugs Effects Refer-
ences

Restoring 
antitumor 
immunity

PD-1/PD-L1 nivolumab, pembro-
lizumab, sintilimab, 
and tislelizumab

stimulates immune response by inhibiting PD-1/PD-L1 signaling 
pathway

 [114]

CD47/SIRPα anti-CD47 
antibodies

enhances the phagocytic activity of macrophages, stimulates 
tumor-specific cytotoxic T cells and kills tumor cells through NK-
cell-mediated ADCC effect

 [117]

HLA-E:CD94-NKG2A NKG2A blockade 
antibody

reverses the immunosuppression caused by HLA-E:CD94-
NKG2A interaction and enhances NK cell killing

 [53]

platelets Ptx@AlbSNO prevents platelet adhesion around CTCs and enhances intratu-
moral immune cell infiltration

 [119]

CD155/TIGIT O-TPNVs releases OXA to directly eliminate CTCs while also disrupting the 
CD155/TIGIT pathway to restore the activity of CD8 + T cells

 [121]

Induction 
of oxidative 
stress and 
ferroptosis

ROS cisplatin and DOX generates ROS to produce significantly stronger anticancer effects 
in CTCs; specifically enhances the destruction of CTCs via HSS

 [127]

Jinfukang increases ROS levels and induces apoptosis via DNA damage  [39]
galactose forces CTCs to undergo mitochondrial oxidative phosphorylation, 

leading to restricted growth of cell clusters and increased ROS 
levels, thus inducing cell death by oxidative stress

 [68]

ferroptosis RSL3 induces cancer cells ferroptosis  [69]
Reversal 
of anoikis 
resistance

integrin/Src/FAK pathway Jinfukang induces anoikis in CTCs  [129]
ZIC2 silence abrogates anoikis resistance and inhibits metastasis in vitro  [130]

platelets TRAIL induces apoptosis specifically in CTCs, thereby attenuating 
metastasis.

 [133]

GHD1 R162 attenuates anoikis resistance and tumor metastasis  [74]
CPT1A etomoxir and 

perhexiline
promotes anoikis and reduces CTC viability, thus reducing the 
tumor growth rate and metastasis in vivo

 [78–
80]

metabolic adaptation PDHE1α overex-
pression; PDK1 
depletion

normalizes the oxidative metabolism of glucose, rendering CTC 
susceptible to anoikis and impairing their metastatic capability in 
vivo

 [83]

MPC increases pyruvate oxidation and decreases the growth of colon 
cancer cells in low-attachment culture and in vivo

 [134]

Hif1α knockdown reverses glucose metabolism, resulting in cell death upon loss of 
the cell–matrix contact

 [85]

Sensitizing 
CTCs to HSS

CTC clusters FAK inhibitors; 
Na(+)/K(+) ATPase 
inhibitors

causes CTC clusters to dissociate into individual cells, which 
significantly reduces CTC resistance to HSS

 [138, 
139]

hypoxia EphrinB2 improves tumor vascularization and decreases hypoxia, leading to 
a reduced CTC cluster shedding rate and suppression of metastasis

 [67]

PD-1, programmed cell death protein 1; PD-L1, programmed death ligand 1; DCs, dendritic cells; NK, natural killer; ADCC, antibody-depen-
dent cell-mediated cytotoxicity; Ptx@AlbSNO, a tumor microenvironment-responsive nitric oxide (NO) release nanoparticle which is able to 
specifically and safely co-deliver the antiplatelet agent NO and the chemotherapeutic agent paclitaxel (Ptx) into tumor tissue; TIGIT, T cell 
immunoreceptor with immunoglobulin and ITIM domain; O-TPNVs, TIGIT expressing cell membrane and platelet cell membrane fusion 
nanovesicles loaded with oxaliplatin (OXA); ROS, reactive oxygen species; HSS, hydrodynamic shear stress; DOX, doxorubicin; FAK, focal 
adhesion kinase; ZIC2, zinc finger transcription factor; TRAIL, surface-bound tumor necrosis factor-related apoptosis-inducing ligand; GDH1, 
glutamate dehydrogenase 1; CPT1A, carnitine palmitoyl transferase 1 A; PDHE1α, pyruvate dehydrogenase (PDH) E1α subunit; PDK1, pyru-
vate dehydrogenase kinases 1; MPC, mitochondrial pyruvate carrier; Hif1α, hypoxia inducible factor 1 alpha; EphrinB2, Eph-associated recep-
tor tyrosine kinase ligand B2
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for effectively targeting CTCs and revitalizing antitumor 
immune responses.

5.2  Induction of oxidative stress and ferroptosis

Blood circulation is an oxygen-rich environment, rendering 
CTCs susceptible to oxidative stress-induced apoptosis and 
ferroptosis. Therefore, targeting key molecules that main-
tain redox balance and inducing ferroptosis are more viable 
strategies for eliminating CTCs.

Several studies have provided evidence that administer-
ing antioxidant treatments, either in vitro or in vivo, results 
in increased survival of CTCs within the bloodstream, 
ultimately facilitating the progression of distant metasta-
sis [36, 37, 69, 122–124]. This phenomenon contradicts 
the conventional acknowledgment that antioxidants fight 
cancer. Therefore, pro-oxidant therapies hold promise as 
potential strategies for cancer intervention. A multitude of 
drugs that directly or indirectly influence ROS accumula-
tion have been employed in clinical settings for cancer 
treatment [125]. However, the clinical significance of these 
pro-oxidative drugs against CTCs has not been explored. 
Radiotherapy and chemotherapies (including procarbazine, 
paclitaxel, daunorubicin, doxorubicin (DOX), and cisplatin) 
exert their anticancer effects in part by inducing oxidative 
stress to eliminate cancer cells [126]. Given that HSS in the 
range of 15–30 Dyn cm–2 triggers ROS generation in CTCs 
[30], anticancer medications such as cisplatin and DOX, 
which generate ROS, exhibit synergistic effects with HSS 
against CTCs in lung, breast, and cervical cancers [127]. 
In contrast, drugs such as Taxol and etoposide, which do 
not lead to ROS generation, do not have such an impact. 
Consequently, pro-oxidant therapies offer an approach to 
enhancing the eradication of CTCs through HSS-generated 
ROS, thus effectively suppressing metastasis. Jinfukang, 
a traditional Chinese medicine prescription, is specifically 
employed for the treatment of lung cancer. Jinfukang can 
increase ROS levels and trigger apoptosis via DNA damage 
in circulating lung cancer cells [39]. The important role of 
the metabolic switch in CTC resistance to ROS has made 
this process a potential therapeutic target. Cell clustering 
induces a metabolic switch to glycolysis, and inhibition 
of this switch by replacing glucose with galactose (forc-
ing cells to undergo mitochondrial oxidative phosphoryla-
tion) significantly restricts the growth of cell clusters and 
increases the level of ROS, leading to cell death induced by 
oxidative stress [68]. This impairment was also observed in 
vivo, as evidenced by a reduction in the formation of lung 
colonies subsequent to tail vein injection of detached cells 
cultured in galactose.

The ferroptosis inducer RAS-selective lethal-3 (RSL3), 
which targets the antioxidant enzyme glutathione peroxidase 

inhibitory signals that dampen phagocytosis. Disrupting the 
interaction between CD47 and SIRPα promotes macro-
phage phagocytic activity, stimulates tumor-specific cyto-
toxic T cells, and triggers the elimination of tumor cells via 
antibody-dependent cell-mediated cytotoxicity (ADCC) 
facilitated by NK cells [115, 116]. When CD47 and PD-L1 
blocking antibodies are combined, the proportions of T 
cells and NK cells in the bloodstream increase, impeding 
the immune escape of CTCs in vivo [117]. In addition, the 
newly discovered immune checkpoint pair HLA-E:CD94-
NKG2A has emerged as a promising target for antitumor 
drugs. Blockade or knockdown of HLA-E:CD94-NKG2A 
prevents the metastasis of PDAC [53]. Notably, the effec-
tiveness of NKG2A blockade diminishes when adminis-
trated three days after tumor inoculation, suggesting that 
disrupting HLA-E:CD94-NKG2A primarily affects CTCs 
in circulation rather than tumor cells already established in 
metastatic sites. As an exclusive inhibitory immune check-
point for CTCs, HLA-E:CD94-NKG2A represents a highly 
promising therapeutic target.

The significant role of platelets in CTC survival has 
spurred intense interest in identifying agents with anti-
platelet properties as potential therapeutic agents for anti-
tumor purposes [118]. Li’s laboratory devised nanoparticles 
termed Ptx@AlbSNO that release nitric oxide (NO) in the 
tumor microenvironment [119]. These nanoparticles were 
engineered to codeliver the antiplatelet agent NO along 
with the chemotherapeutic agent paclitaxel (Ptx) directly to 
tumor tissue. The research findings indicated that Ptx@Alb-
SNO effectively impeded tumor-specific platelet activity, 
thereby hindering platelet adhesion around CTCs. Further-
more, this approach led to an increase in immune cell infil-
tration within the tumor microenvironment. This innovative 
strategy demonstrates the potential to simultaneously target 
platelet-related functions and bolster the immune response 
within tumors. Taking advantage of the adhesion of platelets 
to CTCs, some anticancer drugs can be delivered through 
platelet cell membrane nanovesicles. CD155, which is 
prominently expressed on the tumor cell surface, can impair 
antitumor immunity by binding to its coinhibitory receptor 
T-cell immunoreceptor with immunoglobulin and the ITIM 
domain (TIGIT), which is located on the surfaces of NK 
cells and T cells [120]. Notably, exposure of tumor cells to 
oxaliplatin (OXA) results in increased CD155 expression. 
Yu et al. introduced an innovative approach using O-TPNVs 
(OXA-loaded nanovesicles fused with TIGIT-expressing 
and platelet cell membranes) [121]. O-TPNVs interact 
with CTCs, releasing OXA to directly eliminate CTCs and 
upregulate CD155 expression. Simultaneously, TPNVs dis-
rupt the CD155/TIGIT pathway to restore the activity of 
CD8 + T cells. This strategy presents a promising avenue 
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inhibitors such as etomoxir and perhexiline or via knock-
down promotes anoikis and reduces CTC viability, sub-
sequently inhibiting tumor growth and metastasis in vivo 
[78–80].

Given that metabolic reprogramming enhances CTC 
survival, normalizing the oxidative metabolism of glucose 
in cancer cells contributes to restoring CTC anoikis. Glu-
cose oxidation was stimulated by overexpressing PDHE1α 
or deleting PDK1 in MDA-MB-231 triple-negative meta-
static breast cancer cells, which are highly dependent on 
glycolysis, thus reversing their inherent resistance to anoi-
kis and reducing metastasis in vivo [83]. Consistent with 
these findings, re-expression of the mitochondrial pyruvate 
carrier (MPC) suppressed the Warburg effect, leading to an 
increase in pyruvate oxidation and a decrease in the growth 
of colon cancer cells in low-attachment culture and in vivo 
[134]. Moreover, knockdown of the PDK regulator Hif1α 
reverses glucose metabolism, resulting in cell death upon 
loss of the cell–matrix contact [85].

5.4  Sensitizing CTCs to HSS

Increased cell stiffness promotes CTC resistance to HSS, 
and the activation of β-adrenergic signaling can increase 
cell stiffness through the Ca2+/actin axis, promoting cell 
invasion and migration [135]. The β-blocker propranolol 
has been shown to suppress this adaptation in cell deform-
ability both in vivo and in vitro [135–137]. Nevertheless, 
the specific effects of β-adrenergic signaling and the thera-
peutic potential of propranolol on CTCs remain unclear and 
require further research for clarification.

CTCs tend to form clusters as a strategy to resist HSS; 
thus, disrupting CTC clusters has been explored as a poten-
tial therapeutic strategy. FAK inhibitor 14 (FAK I-14) is a 
common chemotherapeutic agent known to weaken cell–
cell adhesions. FAK-14 disrupts CTC clusters and reduces 
the overall resistance of CTCs to HSS, increasing their sus-
ceptibility to mechanical forces in the bloodstream [138]. 
Inhibitors of Na(+)/K(+) ATPase can also cause CTC clus-
ters to dissociate into individual cells [139], subsequently 
reducing CTC resistance to HSS. Given the role of hypoxia 
in CTC aggregation, the reversal of tumor hypoxia through 
proangiogenic therapy can significantly impact CTC resis-
tance to HSS. EphrinB2 is the ligand that activates the sig-
naling of erythropoietin-producing hepatoma receptor B4 
(EphB4), which plays a crucial role in ensuring normal and 
functional angiogenesis [140]. The administration of Eph-
rinB2 has the potential to enhance tumor vascularization 
and reduce hypoxia within the tumor microenvironment. As 
a result, this treatment can lead to a decreased rate of shed-
ding of CTC clusters and ultimately contribute to the sup-
pression of metastasis [67].

4 (GPX4), is known to trigger ferroptosis in cancer cells 
both in vivo and in vitro [128]. CTCs lacking protective 
mechanisms, such as TF knockdown, are more sensitive 
to RSL3 [69]. Although ferroptosis inducers have not been 
administered as therapeutic agents against CTCs, they are 
attractive drug targets for cancer therapy, especially for 
CTCs that suffer considerable oxidative damage in high-
oxygen and high-iron blood environments.

5.3  Reversal of anoikis resistance

The integrin/Src/FAK signaling pathway, which plays a 
role in protecting CTCs from anoikis under physiological 
conditions, represents a potential therapeutic target. For 
instance, Jinfukang has been shown to induce anoikis in 
CTCs by suppressing the integrin/Src signaling pathway in 
NSCLC [129]. The zinc finger transcription factor ZIC2 is 
upregulated and positively correlated with the CTC counts 
in patients with NSCLC [130]. Silencing ZIC2 abrogates 
anoikis resistance and inhibits metastasis in vitro through 
the transcriptional inhibition of Src. Small molecules tar-
geting FAK can also be applied for cancer treatment. Six 
FAK inhibitors are currently undergoing clinical trials, dem-
onstrating effective control of tumor growth and metasta-
sis [131, 132]. However, the efficacy of FAK inhibitors in 
inducing anoikis initiation for the elimination of CTCs has 
not been extensively investigated.

Platelets can interact with CTCs to protect them from 
anoikis via YAP1 activation [72]. Preventing platelet adhe-
sion to CTCs and inducing apoptosis are new strategies for 
cancer therapy. However, conventional antiplatelet drugs 
have the potential risk of causing bleeding. To address this 
side effect, Li et al. engineered platelets at the genetic level 
to express tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), a cytokine expressed on platelet surfaces 
and known for its ability to induce apoptosis specifically 
in tumor cells, with the goal of neutralizing CTCs, thereby 
attenuating metastasis [133]. This innovative strategy 
achieves the desired therapeutic outcome while avoiding 
the bleeding risks associated with traditional antiplatelet 
medications.

Inhibitors targeting enzymes involved in supporting CTC 
survival after detachment from the ECM can also offer a 
promising avenue for cancer treatment. GDH1, which con-
tributes to anoikis resistance by facilitating energy produc-
tion, can be targeted with the small-molecule inhibitor R162 
to effectively abrogate anoikis resistance and suppress tumor 
metastasis [74]. Additionally, as CPT1A-induced FAO 
promotes anoikis resistance by maintaining redox homeo-
stasis and mitochondrial respiration, inhibiting CPT1A or 
FAO can disrupt this adaptation in CTCs. Several studies 
have reported that suppressing CPT1A via pharmacologic 
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melanoma than in those from healthy donors, brain-meta-
static melanoma CTC-derived clonal cells have reduced oxi-
dative metabolism and increased glycolysis compared with 
low-metastatic MeWos cells, indicating the prometastasis 
feature of glycolysis [141]. These metabolic changes in cells 
are ultimately reflected in redox homeostasis, which results 
in ROS regulation at the center of metabolic reprogram-
ming in CTCs. However, the role of oxidative metabolism 
is controversial as the mitochondrial biogenesis regulator 
peroxisome proliferator-activated receptor gamma, coacti-
vator 1 alpha (PGC-1α) triggers oxidative phosphorylation 
in CTCs from a mouse model of breast cancer to facilitate 
metastasis [142]. In addition, CPT1A also maintains mito-
chondrial respiration as a strategy for supporting CTC sur-
vival against anoikis in ovarian cancer. These alterations act 
against the adaptive strategies of redox homeostasis utilized 
by CTCs. However, as we discussed above, the effects of 
ROS on CTCs are complex and depend on various factors. 
The effect of oxidative metabolism on CTCs relies on the 
stage of metastasis, the genetic background and the meta-
bolic profile of the cancer cells, which vary widely. In addi-
tion to the metabolic adaptation mentioned above, proline 
metabolism tends to be catabolic in cancer cells that grow 
in spheroids, supporting cell growth and promoting lung 
metastasis [143].

In most cases, the survival mechanisms mentioned above 
cooperate synergistically to promote CTC survival. For 
instance, low HSS (2 Dyn cm–2) can trigger EMT in CTCs, 
enhancing their resistance to HSS, and increasing the stabi-
lization of caveolin-1 in CTCs, thereby preventing anoikis. 
However, a comprehensive understanding of the intricate 
crosstalk among these mechanisms necessitates further 
investigation to identify the specific molecular alterations 
at certain stages of a particular cancer type, which is impor-
tant in the development of individualized cancer therapies. 
Given the diversity of survival mechanisms exploited by 
CTCs, it is unlikely that there is a one-size-fits-all solution 
for cancer prevention and treatment based solely on the 
molecular phenotype/karyotype of CTCs.

Unfortunately, most of the survival mechanisms and 
corresponding therapies currently under consideration are 
based primarily on experimental or theoretical extrapola-
tion. Due to the differences in genetic backgrounds, physi-
ological characteristics, and microenvironments between 
primary tumor cells and CTCs, the efficacies of anticancer 
drugs can vary significantly on CTCs. Interestingly, there 
are cases where the levels of effectiveness of certain anti-
cancer drugs are heightened in CTCs, particularly those 
that generate ROS, such as cisplatin and DOX. Therefore, 
it is imperative to explore and validate these findings in 
clinical trials. In conclusion, further studies will need to 
place strong emphasis on clinical applications, including 

6  Conclusions

The intricate interplay among the mechanisms discussed 
previously is crucial for the survival of CTCs in the blood 
circulation. However, some of these mechanisms operate 
in a reverse manner, leading to questions about the role 
of ROS in CTC survival. Specifically, it remains unclear 
whether ROS facilitate or hinder survival. This uncertainty 
highlights the need for further investigation, especially con-
cerning the administration of antioxidants or pro-oxidants in 
antitumor therapy. The impact of ROS on cells is strongly 
dependent on intracellular ROS levels. The maintenance 
of a physiological concentration of ROS is necessary for 
cell survival. However, aberrant accumulation of ROS 
can stimulate cell proliferation, initiating the pathological 
conversion of physiological signaling networks and ulti-
mately resulting in the malignant transformation of normal 
cells [125]. In this review, ROS levels were augmented by 
detachment from the ECM and elevated oxygen levels and 
HSS in the bloodstream. The modulation of ROS levels 
(either decreasing or increasing ROS levels) depends on 
the stage of cancer metastasis. Metastasis is a complex pro-
cess governed by diverse regulatory mechanisms at various 
stages. In the initial phase of metastasis, ECM detachment 
leads to a rapid surge in ROS levels within cancer cells. To 
counteract oxidative damage and prevent anoikis, metabo-
lism switches to maintain intracellular redox homeostasis. 
Following detachment from the ECM, cancer cells become 
susceptible to anoikis, thereby promoting the activation of 
NOX4 to enhance prosurvival signaling pathways, such as 
the EGFR pathway, through ROS generation. Once CTCs 
enter the blood circulation, the damage they suffer from 
HSS depends on their location. HSS ranging from 5 to 30 
Dyn cm–2 in the arterial circulation produces high levels of 
ROS to induce apoptosis. In contrast, HSS of 2 Dyn cm–2 in 
the venous circulation may facilitate CTC survival through 
ROS generation. Therefore, dual strategies that promote 
ROS generation to specifically kill CTCs and eliminate 
aberrantly increased ROS to inhibit survival signaling acti-
vation are promising anticancer therapeutic approaches, 
despite their inherent complexity and contradiction. In con-
clusion, the effects of ROS on CTCs are intricately linked to 
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