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Abstract
Cancer cell dormancy (CCD) in colorectal cancer (CRC) poses a significant challenge to effective treatment. In CRC, CCD contributes to tumour recurrence, drug resistance, and amplifying the disease's burden. The molecular mechanisms governing CCD and strategies for eliminating dormant cancer cells remain largely unexplored. Therefore, understanding the molecular mechanisms governing dormancy is crucial for improving patient outcomes and developing targeted therapies. This editorial highlights the complex interplay of signalling pathways and factors involved in colorectal CCD, emphasizing the roles of Hippo/YAP, pluripotent transcription factors such as NANOG, HIF-1α signalling, and Notch signalling pathways. Additionally, ERK/p38α/β/MAPK pathways, AKT signalling pathway, and Extracellular Matrix Metalloproteinase Inducer, along with some potential less explored pathways such as STAT/p53 switch and canonical and non-canonical Wnt and SMAD signalling, are also involved in promoting colorectal CCD. Highlighting their clinical significance, these findings may offer the potential for identifying key dormancy regulator pathways, improving treatment strategies, surmounting drug resistance, and advancing personalized medicine approaches. Moreover, insights into dormancy mechanisms could lead to the development of predictive biomarkers for identifying patients at risk of recurrence and the tailoring of targeted therapies based on individual dormancy profiles. It is essential to conduct further research into these pathways and their modulation to fully comprehend CRC dormancy mechanisms and enhance patient outcomes.
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Core Tip: Colorectal cancer (CRC) cell dormancy drives therapeutic resistance, recurrence, and metastasis. Key molecular pathways involved in CRC dormancy include Hippo/YAP, NANOG, HIF-1α, Notch, ERK/MAPK, AKT, Wnt, and SMAD. Dysregulation of these pathways promotes dormancy. After re-entering active tumor state following dormancy, these cancer cells become more aggressive and metastasize quickly. The mechanisms behind CRC dormancy are largely unexplored. This editorial summarizes these pathways and their interactions, highlighting the identification of predictive biomarkers crucial for developing targeted therapies, overcoming drug resistance, and enhancing personalized treatments and patient outcomes.

INTRODUCTION
Colorectal cancer (CRC) is a significant health concern worldwide, ranking third in terms of global cancer incidence. It represents 6.1% of all cancer cases, following lung, breast, and prostate cancers[1]. What's particularly alarming is, CRC stands as the second leading cause of cancer-related deaths globally. Despite multiple treatment modalities, such as chemotherapy, radiotherapy, targeted therapy, and immunotherapy, some cases fail to eliminate chemotherapy-resistant quiescent tumour cells (tumour dormant cells), potentially leading to the generation of metastatic lesions in distant organs. Along with high occurrence, high death rate, and low survival, CRC also exhibits the phenomenon of cancer dormancy or tumour dormancy. Dormant cancer cells are responsible for fueling both the recurrence of CRC and the development of drug resistance, ultimately resulting in a poor prognosis[2]. Currently, there is no specific therapy designed for dormant CRC. However, in vitro studies have shown that dormant CRC cells were responding to itraconazole, a drug that inhibits the Wnt pathway via noncanonical hedgehog signalling. Through preclinical validation, it was observed that itraconazole treatment initially stimulated a burst of cell proliferation, prompting dormant cells to briefly enter the cell cycle before undergoing irreversible G1 arrest and senescence[3].
The clinical phenomenon of cancer dormancy exists in three patterns - primary, metastatic, and therapy-induced dormancy[4]. Primary cancer dormancy characterized by the prolonged period of temporary and reversible arrest of mitotic growth[5], is physiologically activated by cancer to avoid the stressful conditions during which patients remain asymptomatic before experiencing metastasis and relapse. Tumour dormancy presents itself in two distinct forms: Tumour mass dormancy and cancer cell dormancy (CCD). Tumour mass dormancy is not merely a halt in cell proliferation; rather, it arises from factors like insufficient vascularization (angiogenic dormancy)[6,7] and consequent hypoxia, or immune responses (immunogenic dormancy)[8,9] triggering apoptotic cell death. Consequently, the reduction in tumour mass is primarily due to increased cell death rather than reduced proliferation. On the other hand, CCD involves a unique mechanism where cells temporarily enter a reversible arrest in the G0 phase through activation of the quiescence programme[10], effectively halting their proliferation. Metastatic dormancy occurs when cancer cells disseminate from the primary tumour site and enter a state of dormancy in distant organs or tissues, preventing the formation of metastatic lesions, while therapy-induced dormancy is dormancy that occurs in response to any antitumour therapy especially chemotherapy. This study mainly focuses on CCD. CCD has gained significant attention in recent years, prompting researchers to dive deeper into its complexities and its implications for cancer progression.
Understanding CCD development is a challenge, as its induction mechanism is complex and multifaceted[11]. Dormancy can be induced by various factors such as cell type, nutrient availability, growth factors, extracellular matrix, oxygen levels, immune interactions, and genetic and epigenetic factors[12]. Each of these factors may contribute differently to the induction of dormancy, making it challenging to develop accurate models. Even if models are developed, the relapse and metastasis of cancer after a dormant period may not be accurately reflected in organoid cultures or rodent models. A promising approach lies in identifying markers associated with CCD, considering the diverse mechanisms involved. This attempt requires a comprehensive understanding of the possible cellular pathways implicated in dormancy.
Recent studies have revealed several key factors and signalling pathways involved in CRC dormancy. These pathways involve the Hippo/YAP pathway, pluripotent transcription factors (NANOG and ZEB2), hypoxia-induced signalling (HIF-1α, CSN8, and FBX8), Notch signalling, and the ERK/p38α/MAPK and AKT signalling pathways. Additionally, factors such as Extracellular Matrix Metalloproteinase Inducer (EMMPRIN), the STAT/p53 switch, and both canonical and non-canonical Wnt and SMAD signalling have been identified as critical regulators of CRC dormancy. Figure 1 details these pathways and their potential interactions with each other.
Considering the poor prognosis, drug resistance, cancer relapse, and metastasis driven by cancer dormancy, clinicians and researchers face significant hurdles. By highlighting the key molecules and their respective pathways involved in cell dormancy in CRC, this editorial aims to not only enhance treatment strategies but also advance the frontier of new dormancy-targeted potential therapeutic approaches in CRC. Furthermore, insights into dormancy mechanisms hold promise for the development of predictive biomarkers, enabling the identification of patients at high risk of recurrence and the tailored administration of targeted therapies based on individual dormancy profiles. This editorial aims to help researchers and clinicians better understand dormancy in CRC, leading to improved treatments and outcomes.
The mechanisms underlying the decades-long phenomenon of tumour dormancy, particularly CCD, remain poorly understood, despite their significant contribution to tumour relapse and poor prognosis in patients. Tumour dormancy may be influenced by various factors such as cellular processes, the tumour microenvironment (TME), as well as epigenetic and genetic changes. These factors essentially induce tumour dormancy by minimizing proliferation, reducing cell death, and promoting the reversibility of growth arrest, which can ultimately lead to cancer relapse with metastasis. The molecular pathways associated with CCD are currently under extensive exploration. These pathways can be categorized into two groups: Those whose upregulation leads to the development of CCD, and those whose downregulation results in the same. Various key molecules also involved in governing these pathways and driving cancer cells towards tumour dormancy and CCD are also discussed.

Hippo/YAP signalling
The Hippo signalling pathway is a crucial regulatory mechanism in animals that controls cell proliferation, apoptosis, and organ size. The pathway's core components include Hippo (MST1/2) and Warts (LATS1/2), which are serine/threonine kinases. When activated, Hippo phosphorylates and activates Warts. Active Warts then phosphorylate and inhibit Yorkie (YAP/TAZ in mammals). Inhibition of Yorkie prevents its entry into the nucleus, thereby blocking the activation of its target genes involved in cell proliferation and survival[13].
A recent study found that chemotherapy activates the YAP signalling in cancer cells, leading to their dormancy. However, by using a drug called Dox, the pathway prevents the cancer cells from breaking dormancy and regrowing after chemotherapy. Additionally, they found that another drug called TEADi (blocks the YAP-TEAD interaction), when used in combination with chemotherapy, also helped prevent cancer relapse[14]. These results highlight the potential of targeting the YAP pathway to prevent cancer recurrence and improve patient outcomes and suggest that targeting the YAP pathway could be a promising strategy to prevent cancer relapse in CRC patients by maintaining dormancy. In another study in CRC liver metastases, 5-fluorouracil induces quiescence by activating Yes tyrosine kinase (YES1) and depleting Yes-associated protein (YAP) from the nucleus. YES1 activation and YAP nuclear depletion contribute to CCD[15,16]. Another protein which negatively regulates YAP by its degradation via proteasomal degradation is FBX8, a member of the ubiquitin protease family, which regulates dormancy in CRC liver metastasis cells. It upregulates dormancy-related markers such as CK, E-cadherin, and Sox-2, while downregulating markers like Vimentin, C-Myc, CDK4, and HIF-1α. FBX8 interacts with genes involved in hypoxia, cell cycle, and Myc-related pathways, promoting ubiquitination and degradation of HIF-1α, CDK4, and C-Myc[17]. This regulation inhibits angiogenesis, cell cycle progression, and cell proliferation and promotes dormancy, highlighting FBX8 as a potential therapeutic target for dormant CRC liver metastasis cells.

Pluripotent transcription factors
Pluripotent transcription factors also influence the dormancy of CRC cells[18]. In a recent study, one of these genes, NANOG, was significantly upregulated in dormant CRC cells (HT29 and HCT116) compared to active ones. When NANOG was silenced using a post-transcriptional gene silencing technique called small interfering RNA, several important changes were observed: The viability of the cancer cells decreased, fewer cells remained dormant, and more cells died (apoptosis increased). Additionally, silencing NANOG reduced the expression of certain genes (COUP-TF1, hDEC2, P21, and P27) involved in maintaining dormancy[2]. NANOG was regulated by the fatty acid oxidation/ATP citrate lyase-dependent pathway. NANOG upregulation increased the transcription of P21 and P27, which promoted the dormancy of CRC cells. These findings suggest that NANOG plays a crucial role in keeping CRC cells dormant and silencing NANOG can disrupt this dormancy, causing the cancer cells to undergo apoptosis when provided with chemotherapy again. NANOG also triggers a process where the cells use fatty acids for energy, which activates NANOG. Once activated, NANOG increases the production of two other proteins, P21 and P27, which push the cancer cells into a dormant state. In a recent study investigating CRC dormancy, researchers isolated and characterized quiescent CRC stem cells responsible for chemoresistance in colorectal tumours, revealing a rare cell population, PKH26+ /ZEB2+, responsible for chemoresistance. These cells exhibit stemness, chemoresistance, and epithelial-mesenchymal transition (EMT) features. ZEB2 overexpression induces a transition towards a slow-growing, chemoresistant, and dormant state, suggesting potential therapeutic targets to address dormancy and chemoresistance in CRC[19].

HIF-1α signalling
Another important factor responsible for cancer dormancy is hypoxia, a master regulator of cancer biology. Hypoxia is a persistent condition that arises due to increased oxygen consumption of fast-growing cancer cells combined with less oxygen supply due to defective cancerous vascularization[20]. In response to low oxygen levels, HIF-1α, a transcription factor, is activated. HIF-1α signalling is reported to be associated with hallmarks like stemness, dormancy, and resistance to anticancer therapies[21,22]. Substantial evidence indicates that hypoxia can trigger the expression of genes that inhibit or slow down apoptosis, thereby increasing the survival of dormant cells. However, the regulation of both proliferation and dormancy by hypoxia remains unclear. A study on CRC cells and mice involving a protein named CSN8, a key regulator of hypoxia-induced EMT and dormancy in CRC cells, found that overexpression of CSN8 arrested cell proliferation-upregulated key dormancy markers (NR2F1, DEC2, and p27) and hypoxia response genes (HIF-1α and GLUT-1), and dramatically enhanced survival under hypoxia. This suggests that CSN8 favours the upregulation of HIF-1α signalling, crucial for CRC cells' adaptation to the TME. CSN8 activates HIF-1α expression partially via the NF-κB pathway, increasing dormancy induction[23]. Conversely, another study showed that the F-box protein FBX8 promotes the ubiquitination and degradation of HIF-1α, CDK4, and C-Myc[17], suggesting that HIF-1α degradation may promote dormancy. Further studies are needed to resolve whether HIF-1α is upregulated, downregulated, or regulated by different molecular pathways to promote dormancy.
There is another hypoxia-inducible gene domain family member 1A[24,25], which in deep tumour tissues promotes dormancy. There are comparatively fewer studies of hypoxia-induced cell dormancy in CRC as it is difficult to establish hypoxic cell line models in CRC due to less cell viability in hypoxic conditions unlike some prostate cancer cell lines[22].

Notch signalling
Another important signalling pathway involved in cell proliferation, fate, differentiation, and lineage specification is Notch signalling, a crucial pathway in cell functions, involves interactions between Notch receptors (Notch 1-4) and ligands (Jagged1, Jagged2, DLL1, DLL3, and DLL4). These interactions trigger proteolytic cleavages, releasing the Notch intracellular domain, which then activates target genes[26]. A recent study on Notch3 revealed its role in CRC dormancy and identified factors that could be targeted to break dormancy without inducing cancer activity and metastasis. The findings showed that the Notch ligand DLL4 played a crucial role in regulating Notch3 signalling in tumour cells within the angiogenic TME. The study demonstrated that quiescent tumours lacked DLL4 expression, while aggressive tumours exhibited intense DLL4 expression[27]. Notably, neutralization of DLL4 in vivo significantly impaired Notch signalling in tumour cells. These results suggest that targeting Notch3 signalling and DLL4 could be a potential strategy to break CRC dormancy and prevent cancer metastasis.

ERK/ p38-MAPK pathway
The MAPK pathway is a very vital signalling pathway that controls important functions like growth, proliferation, apoptosis, resistance, and dormancy[28-31]. Here are four main MAPK cascades identified in eukaryotic cells: ERK, JNK, p38 MAPK, and ERK5 signal transduction pathways. The JNK and p38 MAPK pathways primarily govern cellular stress and apoptosis and the ERK/MAPK pathway, the most studied MAPK signalling pathway, is closely linked to cell proliferation and differentiation[32]. Understanding the dual role of the p38α MAPK pathway in CRC development and chemoresistance or dormancy may offer insights into targeting this pathway for therapeutic intervention. However, some studies favour that ERK/p38α/MAPK can disrupt the dormant state, leading to reactivation and proliferation of cancer cells. Conversely, other research indicates that sustained activation of p38α MAPK may be necessary for maintaining dormancy and preventing the reactivation of dormant cancer cells. In addition to the core components of the MAPK pathway, other factors regulated by this pathway also play a significant role in inducing dormancy in CRC cells. One such factor is Polo-like kinase 4 (PLK4), a key regulator of cell division, which has been identified as a crucial factor in regulating CRC cell dormancy. Downregulation of PLK4 induces dormancy, inhibits migration and invasion of CRC cells, and is associated with late recurrence in CRC. Mechanistically, downregulation of PLK4 induces autophagy, leading to the restoration of aggressive tumour cells to a dormant state through the MAPK signalling pathway. Inhibition of autophagy triggers apoptosis of dormant CRC cells[33]. These findings highlight the role of PLK4 and MAPK signalling in CRC dormancy and suggest autophagy inhibitors as potential therapeutic targets for eliminating dormant cancer cells.

AKT signalling pathway
Another signalling pathway that showed its role in CRC dormancy is the AKT signalling pathway. The PI3K/AKT/mTOR signalling pathway is altered in various cancer types[34]. This pathway governs multiple cellular processes, such as survival, proliferation, growth, metabolism, angiogenesis, and metastasis. A recent study revealed the role of AKT signalling suppression in inducing dormancy in CRC cells under chronic hypoxic conditions. This dormancy induction was associated with increased levels of phosphatases such as PHLPP and downregulation of PTEN[22]. These findings suggest that targeting the downregulation of AKT activity by modulating PHLPP and PTEN levels could be a promising strategy to break CRC dormancy and eliminate dormant cancer cells without reactivating them. Such an approach could overcome therapeutic resistance and improve treatment outcomes in CRC patients.

EMMPRIN
Some inducer factors also regulate the dormancy in CRC, and EMMPRIN acts as a critical regulator preventing CRC cells from entering a dormant state. EMMPRIN is a protein involved in various cellular processes, including transcription regulation[35]. Research demonstrates that tumour cells can stimulate adjacent macrophages to become M2-activated, promoting tumour growth and angiogenesis. However, when EMMPRIN expression is reduced in tumour cells, they enter a dormant state. EMMPRIN also regulates the production of TGFβ, a key player in dormancy and EMT. While EMMPRIN knockdown induces dormancy, co-culturing with macrophages partially reverses this effect[36]. Thus, EMMPRIN emerges as a potential therapeutic target for preventing tumour dormancy and metastasis.

POTENTIAL PATHWAYS LIKELY INVOLVED IN CRC DORMANCY
STAT and p53 switch
In addition to known pathways associated with CRC dormancy, other potential pathways remain unexplored but might play a significant role in inducing dormancy. One such switch is STAT3 and p53, which have opposing roles in cellular regulation. While p53 acts as a tumour suppressor, triggering cell cycle arrest and apoptosis, STAT3 is constitutively activated in many cancers, promoting cell proliferation and survival. Mutations that result in the loss or gain of p53 function, along with constitutive STAT3 activation, are frequent events in numerous cancer types. Although not extensively studied in the context of CRC dormancy, the STAT3/p53 pathway has the potential to push cancer cells towards dormancy.

Canonical and non-canonical SMAD signalling
TGFβ signalling triggers both canonical and noncanonical SMAD signalling pathways. In the canonical pathway, TGFβ binds to TβRIII and presents it to TβRII. TβRII recruits and phosphorylates TβRI. Activated TβRI phosphorylates SMAD2/3, leading to the formation of heteromeric complexes with SMAD4. These complexes translocate into the nucleus, where they regulate the expression of target genes. One of the target genes induced by TGFβ/SMAD signalling is SMAD7, which participates in a negative feedback loop by recruiting the E3 ubiquitin ligase SMURF to TβRI[37]. During the early stages of tumourigenesis, TGFβ stimulates the expression of cyclin-dependent kinase inhibitors such as p15, p21, p57, and eukaryotic translation initiation factor 4E-BP1, leading to cell cycle arrest, possibly participating in giving cancer cell a dormant state. Thus, targeting these cyclin-dependent kinase inhibitors could be a promising potential therapeutic approach to break cell dormancy and move the cells to the apoptosis process[38-40].

Non-canonical and canonical WNT switch
Canonical WNT and non-canonical Wnt signalling cascades act as a switch to turn on proliferation and dormancy. Canonical WNT signalling utilizes Frizzled and LRP5/6 to activate the β-catenin-TCF/LEF complex, leading to the upregulation of target genes like MYC, CCND1, and LGR5 responsible for proliferation. Conversely, noncanonical WNT signalling is transmitted through Frizzled or ROR1/2 to activate different branches such as PLC, Rac1, and RhoA. These branches, in turn, activate transcription factors like NFAT and AP-1 which promote dormancy-like characteristics in tumours[37]. Wnt signalling is also affected by paracrine non-canonical hedgehog signalling. A recent study of the suppressor of fused (SUFU) activator itraconazole, which is a potent inhibitor of smoothened (SMO), found that itraconazole inhibited SMO and released its inhibitory effect from SUFU. Subsequently, itraconazole-derived SUFU activation in WNT high epithelial tumour (CRC cells) prevents the nuclear localisation of beta-catenin, causing diminished TCF expression and a phenotype of proliferation. This ultimately results in the temporary vulnerability of dormant tumours for chemotherapy before undergoing permanent growth arrest (senescence), affecting both dividing and dormant cancer cells[41].
Given the limited literature directly implicating signalling pathways in CRC dormancy, future studies should be designed to explore these pathways and their direct involvement in CCD (CRC cell dormancy). The focus should be on identifying specific biomarkers that are unique to CCD. These markers could be identified through genetic expression studies of proteins associated with CRC, and filtering them based on their specific expression patterns in dormant cancer cells and further tumour progression can be enhanced with artificial intelligence[42]. Alternatively, researchers could focus on common factors or proteins that play a central role in regulating the signalling pathways involved in CCD. Once these markers are identified, efforts should be directed towards developing new treatments that can either temporarily awake dormant cancer cells followed by apoptosis and prevent them being metastatic and further proliferative, or induce senescence (irreversible growth arrest and cell death). Combining these new treatments with existing therapies, such as chemotherapy and immunotherapy, should also be explored to enhance treatment efficacy and to explore whether new treatments sensitize dormant resistant cells to standard therapies. Additionally, the role of the TME in shaping dormancy and drug resistance should be investigated. Understanding the interactions between tumour cells and their surrounding environment in the context of dormancy could lead to the development of adjuvant therapies that target these interactions alongside standard therapies targeting cancer cells. In addition to known pathways associated with CCD, other potential pathways remain unexplored but might play a significant role in inducing dormancy. Investigating these pathways, such as the STAT3 and p53 switch, canonical and noncanonical SMAD signalling, and the canonical and noncanonical WNT switch, could provide valuable insights into CCD mechanisms and uncover new therapeutic targets/biomarkers for CRC treatment.
Translating basic research findings into clinical applications is crucial. Future studies should focus on translating preclinical findings into clinical trials to evaluate the efficacy of novel therapeutic strategies aimed at targeting CCD in CRC patients. Clinical trials exploring the safety and efficacy of targeted therapies, immunotherapies, and combination treatments specifically designed to disrupt dormancy and prevent cancer recurrence are warranted.

CONCLUSION
In summary, continued research into the mechanisms of CCD in CRC is essential for developing effective therapeutic strategies to prevent cancer from undergoing dormancy, resistance, recurrence, and metastasis. By identifying dormancy biomarkers, developing targeted therapies, investigating microenvironment factors, translating research into clinical applications, and exploring novel pathways, we can move closer to achieving fruitful outcomes in the treatment of dormant CRC.

REFERENCES
1 Kumar A, Gautam V, Sandhu A, Rawat K, Sharma A, Saha L. Current and emerging therapeutic approaches for colorectal cancer: A comprehensive review. World J Gastrointest Surg 2023; 15: 495-519 [PMID: 37206081 DOI: 10.4240/wjgs.v15.i4.495]
2 Zhang M, Peng R, Wang H, Yang Z, Zhang H, Zhang Y, Wang M, Wang H, Lin J, Zhao Q, Liu J. Nanog mediated by FAO/ACLY signaling induces cellular dormancy in colorectal cancer cells. Cell Death Dis 2022; 13: 159 [PMID: 35177584 DOI: 10.1038/s41419-022-04606-1]
3 Buczacki SJA, Popova S, Biggs E, Koukorava C, Buzzelli J, Vermeulen L, Hazelwood L, Francies H, Garnett MJ, Winton DJ. Itraconazole targets cell cycle heterogeneity in colorectal cancer. J Exp Med 2018; 215: 1891-1912 [PMID: 29853607 DOI: 10.1084/jem.20171385]
4 Crea F, Nur Saidy NR, Collins CC, Wang Y. The epigenetic/noncoding origin of tumor dormancy. Trends Mol Med 2015; 21: 206-211 [PMID: 25771096 DOI: 10.1016/j.molmed.2015.02.005]
5 Pranzini E, Raugei G, Taddei ML. Metabolic Features of Tumor Dormancy: Possible Therapeutic Strategies. Cancers (Basel) 2022; 14 [PMID: 35158815 DOI: 10.3390/cancers14030547]
6 Indraccolo S, Stievano L, Minuzzo S, Tosello V, Esposito G, Piovan E, Zamarchi R, Chieco-Bianchi L, Amadori A. Interruption of tumor dormancy by a transient angiogenic burst within the tumor microenvironment. Proc Natl Acad Sci U S A 2006; 103: 4216-4221 [PMID: 16537511 DOI: 10.1073/pnas.0506200103]
7 Naumov GN, Bender E, Zurakowski D, Kang SY, Sampson D, Flynn E, Watnick RS, Straume O, Akslen LA, Folkman J, Almog N. A model of human tumor dormancy: an angiogenic switch from the nonangiogenic phenotype. J Natl Cancer Inst 2006; 98: 316-325 [PMID: 16507828 DOI: 10.1093/jnci/djj068]
8 Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth MJ, Schreiber RD. Adaptive immunity maintains occult cancer in an equilibrium state. Nature 2007; 450: 903-907 [PMID: 18026089 DOI: 10.1038/nature06309]
9 Teng MW, Swann JB, Koebel CM, Schreiber RD, Smyth MJ. Immune-mediated dormancy: an equilibrium with cancer. J Leukoc Biol 2008; 84: 988-993 [PMID: 18515327 DOI: 10.1189/jlb.1107774]
10 Phan TG, Croucher PI. The dormant cancer cell life cycle. Nat Rev Cancer 2020; 20: 398-411 [PMID: 32488200 DOI: 10.1038/s41568-020-0263-0]
11 Endo H, Inoue M. Dormancy in cancer. Cancer Sci 2019; 110: 474-480 [PMID: 30575231 DOI: 10.1111/cas.13917]
12 Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran S, McDermott U, Azizian N, Zou L, Fischbach MA, Wong KK, Brandstetter K, Wittner B, Ramaswamy S, Classon M, Settleman J. A chromatin-mediated reversible drug-tolerant state in cancer cell subpopulations. Cell 2010; 141: 69-80 [PMID: 20371346 DOI: 10.1016/j.cell.2010.02.027]
13 Wierzbicki PM, Rybarczyk A. The Hippo pathway in colorectal cancer. Folia Histochem Cytobiol 2015; 53: 105-119 [PMID: 26160682 DOI: 10.5603/FHC.a2015.0015]
14 Ohta Y, Fujii M, Takahashi S, Takano A, Nanki K, Matano M, Hanyu H, Saito M, Shimokawa M, Nishikori S, Hatano Y, Ishii R, Sawada K, Machinaga A, Ikeda W, Imamura T, Sato T. Cell-matrix interface regulates dormancy in human colon cancer stem cells. Nature 2022; 608: 784-794 [PMID: 35798028 DOI: 10.1038/s41586-022-05043-y]
15 Touil Y, Igoudjil W, Corvaisier M, Dessein AF, Vandomme J, Monté D, Stechly L, Skrypek N, Langlois C, Grard G, Millet G, Leteurtre E, Dumont P, Truant S, Pruvot FR, Hebbar M, Fan F, Ellis LM, Formstecher P, Van Seuningen I, Gespach C, Polakowska R, Huet G. Colon cancer cells escape 5FU chemotherapy-induced cell death by entering stemness and quiescence associated with the c-Yes/YAP axis. Clin Cancer Res 2014; 20: 837-846 [PMID: 24323901 DOI: 10.1158/1078-0432.CCR-13-1854]
16 Heinz MC, Peters NA, Oost KC, Lindeboom RGH, van Voorthuijsen L, Fumagalli A, van der Net MC, de Medeiros G, Hageman JH, Verlaan-Klink I, Borel Rinkes IHM, Liberali P, Gloerich M, van Rheenen J, Vermeulen M, Kranenburg O, Snippert HJG. Liver Colonization by Colorectal Cancer Metastases Requires YAP-Controlled Plasticity at the Micrometastatic Stage. Cancer Res 2022; 82: 1953-1968 [PMID: 35570706 DOI: 10.1158/0008-5472.CAN-21-0933]
17 Zhu X, Wang F, Wu X, Li Z, Wang Z, Ren X, Zhou Y, Song F, Liang Y, Zeng Z, Liao W, Ding Y, Liao W, Liang L. FBX8 promotes metastatic dormancy of colorectal cancer in liver. Cell Death Dis 2020; 11: 622 [PMID: 32796813 DOI: 10.1038/s41419-020-02870-7]
18 Cackowski FC, Heath EI. Prostate cancer dormancy and recurrence. Cancer Lett 2022; 524: 103-108 [PMID: 34624433 DOI: 10.1016/j.canlet.2021.09.037]
19 Cuccu A, Francescangeli F, De Angelis ML, Bruselles A, Giuliani A, Zeuner A. Analysis of Dormancy-Associated Transcriptional Networks Reveals a Shared Quiescence Signature in Lung and Colorectal Cancer. Int J Mol Sci 2022; 23 [PMID: 36077264 DOI: 10.3390/ijms23179869]
20 Majmundar AJ, Wong WJ, Simon MC. Hypoxia-inducible factors and the response to hypoxic stress. Mol Cell 2010; 40: 294-309 [PMID: 20965423 DOI: 10.1016/j.molcel.2010.09.022]
21 Mimeault M, Batra SK. Hypoxia-inducing factors as master regulators of stemness properties and altered metabolism of cancer- and metastasis-initiating cells. J Cell Mol Med 2013; 17: 30-54 [PMID: 23301832 DOI: 10.1111/jcmm.12004]
22 Endo H, Okuyama H, Ohue M, Inoue M. Dormancy of cancer cells with suppression of AKT activity contributes to survival in chronic hypoxia. PLoS One 2014; 9: e98858 [PMID: 24905002 DOI: 10.1371/journal.pone.0098858]
23 Ju S, Wang F, Wang Y, Ju S. CSN8 is a key regulator in hypoxia-induced epithelial-mesenchymal transition and dormancy of colorectal cancer cells. Mol Cancer 2020; 19: 168 [PMID: 33261601 DOI: 10.1186/s12943-020-01285-4]
24 Xu Z, Sun J, Mao Y, Chen Y, Zhang T, Qin Y, Hua D. HIG1 domain family member 1A disrupts proliferation, migration, and invasion of colon adenocarcinoma cells. Bioengineered 2021; 12: 10501-10511 [PMID: 34787061 DOI: 10.1080/21655979.2021.1999368]
25 Zhu JY, Chen M, Mu WJ, Luo HY, Guo L. The functional role of Higd1a in mitochondrial homeostasis and in multiple disease processes. Genes Dis 2023; 10: 1833-1845 [PMID: 37492734 DOI: 10.1016/j.gendis.2022.03.018]
26 Xiu M, Wang Y, Li B, Wang X, Xiao F, Chen S, Zhang L, Zhou B, Hua F. The Role of Notch3 Signaling in Cancer Stemness and Chemoresistance: Molecular Mechanisms and Targeting Strategies. Front Mol Biosci 2021; 8: 694141 [PMID: 34195229 DOI: 10.3389/fmolb.2021.694141]
27 Indraccolo S, Minuzzo S, Masiero M, Pusceddu I, Persano L, Moserle L, Reboldi A, Favaro E, Mecarozzi M, Di Mario G, Screpanti I, Ponzoni M, Doglioni C, Amadori A. Cross-talk between tumor and endothelial cells involving the Notch3-Dll4 interaction marks escape from tumor dormancy. Cancer Res 2009; 69: 1314-1323 [PMID: 19208840 DOI: 10.1158/0008-5472.CAN-08-2791]
28 Yue J, López JM. Understanding MAPK Signaling Pathways in Apoptosis. Int J Mol Sci 2020; 21 [PMID: 32231094 DOI: 10.3390/ijms21072346]
29 Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. Signaling pathway of MAPK/ERK in cell proliferation, differentiation, migration, senescence and apoptosis. J Recept Signal Transduct Res 2015; 35: 600-604 [PMID: 26096166 DOI: 10.3109/10799893.2015.1030412]
30 Guereño M, Delgado Pastore M, Lugones AC, Cercato M, Todaro L, Urtreger A, Peters MG. Glypican-3 (GPC3) inhibits metastasis development promoting dormancy in breast cancer cells by p38 MAPK pathway activation. Eur J Cell Biol 2020; 99: 151096 [PMID: 32800275 DOI: 10.1016/j.ejcb.2020.151096]
31 Grossi V, Peserico A, Tezil T, Simone C. p38α MAPK pathway: a key factor in colorectal cancer therapy and chemoresistance. World J Gastroenterol 2014; 20: 9744-9758 [PMID: 25110412 DOI: 10.3748/wjg.v20.i29.9744]
32 Guo YJ, Pan WW, Liu SB, Shen ZF, Xu Y, Hu LL. ERK/MAPK signalling pathway and tumorigenesis. Exp Ther Med 2020; 19: 1997-2007 [PMID: 32104259 DOI: 10.3892/etm.2020.8454]
33 Tian X, He Y, Qi L, Liu D, Zhou D, Liu Y, Gong W, Han Z, Xia Y, Li H, Wang J, Zhu K, Chen L, Guo H, Zhao Q. Autophagy Inhibition Contributes to Apoptosis of PLK4 Downregulation-induced Dormant Cells in Colorectal Cancer. Int J Biol Sci 2023; 19: 2817-2834 [PMID: 37324947 DOI: 10.7150/ijbs.79949]
34 Ersahin T, Tuncbag N, Cetin-Atalay R. The PI3K/AKT/mTOR interactive pathway. Mol Biosyst 2015; 11: 1946-1954 [PMID: 25924008 DOI: 10.1039/c5mb00101c]
35 de la Cruz Concepción B, Bartolo-García LD, Tizapa-Méndez MD, Martínez-Vélez M, Valerio-Diego JJ, Illades-Aguiar B, Salmerón-Bárcenas EG, Ortiz-Ortiz J, Torres-Rojas FI, Mendoza-Catalán MÁ, Navarro-Tito N, Zacapala-Gómez AE. EMMPRIN is an emerging protein capable of regulating cancer hallmarks. Eur Rev Med Pharmacol Sci 2022; 26: 6700-6724 [PMID: 36196720 DOI: 10.26355/eurrev_202209_29771]
36 Feigelman G, Simanovich E, Brockmeyer P, Rahat MA. Knocking-Down CD147/EMMPRIN Expression in CT26 Colon Carcinoma Forces the Cells into Cellular and Angiogenic Dormancy That Can Be Reversed by Interactions with Macrophages. Biomedicines 2023; 11 [PMID: 36979746 DOI: 10.3390/biomedicines11030768]
37 Katoh M, Katoh M. WNT signaling and cancer stemness. Essays Biochem 2022; 66: 319-331 [PMID: 35837811 DOI: 10.1042/EBC20220016]
38 Seoane J, Pouponnot C, Staller P, Schader M, Eilers M, Massagué J. TGFbeta influences Myc, Miz-1 and Smad to control the CDK inhibitor p15INK4b. Nat Cell Biol 2001; 3: 400-408 [PMID: 11283614 DOI: 10.1038/35070086]
39 Chen Z, Li DQ, Tong L, Stewart P, Chu C, Pflugfelder SC. Targeted inhibition of p57 and p15 blocks transforming growth factor beta-inhibited proliferation of primary cultured human limbal epithelial cells. Mol Vis 2006; 12: 983-994 [PMID: 16943770]
40 Azar R, Alard A, Susini C, Bousquet C, Pyronnet S. 4E-BP1 is a target of Smad4 essential for TGFbeta-mediated inhibition of cell proliferation. EMBO J 2009; 28: 3514-3522 [PMID: 19834456 DOI: 10.1038/emboj.2009.291]
41 Popova SA, Buczacki SJA. Itraconazole perturbs colorectal cancer dormancy through SUFU-mediated WNT inhibition. Mol Cell Oncol 2018; 5: e1494950 [PMID: 30250932 DOI: 10.1080/23723556.2018.1494950]
42 Niehues JM, Quirke P, West NP, Grabsch HI, van Treeck M, Schirris Y, Veldhuizen GP, Hutchins GGA, Richman SD, Foersch S, Brinker TJ, Fukuoka J, Bychkov A, Uegami W, Truhn D, Brenner H, Brobeil A, Hoffmeister M, Kather JN. Generalizable biomarker prediction from cancer pathology slides with self-supervised deep learning: A retrospective multi-centric study. Cell Rep Med 2023; 4: 100980 [PMID: 36958327 DOI: 10.1016/j.xcrm.2023.100980]

Footnotes
Conflict-of-interest statement: The authors declare that they have no conflict of interest to disclose.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: Https://creativecommons.org/Licenses/by-nc/4.0/

Provenance and peer review: Invited article; Externally peer reviewed.

Peer-review model: Single blind

Specialty type: Gastroenterology and hepatology
Country of origin: India
Peer-review report’s classification
Scientific Quality: Grade A, Grade A
Novelty: Grade A, Grade A
Creativity or Innovation: Grade A, Grade A
Scientific Significance: Grade A, Grade A

P-Reviewer: Gao S; Lim YC S-Editor: Qu XL L-Editor: Wang TQ P-Editor: 

Figures and Tables
[image: ]
Figure 1 Various signaling pathways implicated in driving cancer cells into dormancy, along with interactions between these pathways and their associated molecules or markers. Notch signaling exhibits variable expression, being elevated in aggressive cancer cells and reduced in dormant ones. Notch 3, with CSN8, activates NF-κB signaling, increasing HIF1α expression under low oxygen or stress, which promotes proliferation and angiogenesis. HIF1α either partners with HIF1β to drive gene expression in the nucleus or enhances YAP/TAZ-TEAD interaction, both supporting growth and angiogenesis. This suggests that Hippo pathway activation induces dormancy, while HIF1α signaling is reduced during dormancy. Conversely, the FBX8 F-box protein degrades HIF1α, increasing dormancy marker expression. It is still a question of how HIF1α regulates both proliferation and dormancy concurrently. Hypoxic conditions increase PHLPP expression, blocking AKT signaling and boosting dormancy markers while reducing proliferation markers in dormant colorectal cancer (CRC) cells. AKT and MAPKs negatively regulate Hippo signaling and promote YAP/TAZ nuclear translocation by inhibiting MST1/2/SAV1 and LATS1/MOB1 complexes, respectively. Dormant CRC cells show decreased AKT and increased MAPK expression. HIGD1A, a hypoxia-induced factor, typically promotes cancer cell proliferation under stress but induces tumor dormancy in deeper cancer tissues. TGFβ/SMAD signaling drives cancer cell dormancy, while the MAPK pathway, via increased P38α expression, regulates the switch between proliferation and dormancy in CRC and cancer cell dormancy. Downregulation of P38α leads to growth arrest, and PLK4, a key proliferation regulator, decreases in dormant CRC cells driven by MAPK signaling. Itraconazole regulates the non-canonical WNT pathway in CRC dormancy by inhibiting smoothened, activating suppressor of fused, and ultimately inhibiting β-catenin, temporarily inducing a brief growth cycle before permanent arrest. EMMPRIN inhibition promotes dormancy, while NANOG and ZEB increase dormancy marker expression, making all three dormancy markers. SMO: Smoothened; SUFU: Suppressor of fused.
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