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The Potassium Channels are an Important Target in Cancer Therapy 
 

Abstract 

 

Potassium (K+) channels play a key role in the functioning of human physiological processes. 

Potassium channels are transmembrane proteins that are frequently aberrantly expressed in tumors 

and are directly involved in tumor progression. Various molecular mechanisms implicate the 

irregular functioning of potassium (K+) channels in the formation of cancer hallmarks such as 

proliferation, migration, invasion, and apoptosis. Recent studies continue to accumulate evidence of 

successful testing of K+ channel-targeting agents in animal tumors. These data demonstrate that 

interfering potassium channels in combination with existing treatments may significantly improve 

cancer treatment. Thus, the potassium channels represent an underexplored avenue for cancer 

therapy and it was developed a diversity of drugs for anti-cancer effects by modulating potassium 

channels in tumor cells. In this paper, we provide a brief overview of the role of potassium channels 

in cancer cell formation and their potential targets in tumorigenesis therapy. 

Keywords: potassium channels, channel overexpression, cancer therapy, drug designing, tumor 

biology 

 

Introduction 

 

Much of the effort in cancer research in recent years has focused on identifying new targets for 

treatment (Daneshmand et al., 2016). The generally accepted concept is that identifying new targets 

will develop new strategies to combat previously untreatable cancers (Garattini, 2003; Mokhtari et 

al., 2017; Schwartz & Shah, 2005). In this context, ion transport molecules have been repeatedly 

proposed as potential targets, as they are often involved in cancer biology (Huang & Jan, 2014). 
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Among the family of ion transport molecules, potassium channels have the highest variability in 

their biochemical structure and role in cancer (Figure 1).  

Research 

However, inhibition of mechanisms induced by potassium channels may have therapeutic 

potential, as with chloride channel inhibitors already used in clinical trials for glioma patients. A 

greater therapeutic potential lies in the disruption of potassium channel mechanisms involved in 

tumorigenesis (McCoy & Nimigean, 2012). Kv10.1 is a channel that appears to trigger malignant 

transformation and has been extensively studied in mice. Using a bioinformatic approach, 

imipramine, one of the most potent blockers of Kv10.1, has been proposed as an efficient target for 

the treatment of non-small cell lung cancer. However, Kv10.1 can also be attacked by specific drugs 

because its function — at least outside the central nervous system — does not appear to be crucial 

in normal tissues. This is because several million people have taken astemizole or terfenadine, both 

drugs that are effective Kv10.1 blockers and have fewer side effects. This remains to be elucidated, 

as KCNG3-knockout mice have no obvious phenotype. However, further studies on other 

potassium channels discussed in this context may determine their role in signaling cascades leading 

to or favoring malignant transformation. This will contribute to a better understanding of the role of 

potassium channels in both tumor tissues and their microenvironment. 

Molecular-structural organization of the potassium channel 

Potassium channels are transmembrane proteins defined by their ability to selectively facilitate 

the permeability of K+ ions between the intracellular and extracellular environments (Li et al., 2023; 

Younes et al., 2023). In the presence of ion channels that facilitate the movement of specific ions, 

the electrochemical gradient also generates a membrane potential used as a signaling mechanism to 

control the transport of many molecules. 

Membrane potential depends on the concentration of ions on both sides of the membrane. Ion 

channels provide specific ionic conductance, and their opening results in ion flow down the 

electrochemical gradient. Thus, the membrane potential changes. In the case of permeation for a 

single ion, this equilibrium potential depends only on the concentration of ions on either side of the 

membrane. The all ions moving across the membrane surface are K+ ions, resulting in a negative 

membrane potential outside the cell. K+ ions can also move through nonselective cation channels, in 

which case their activation balances the concentration of ions on both sides of the membrane, which 

leads to a violation of the membrane potential (Kim & Nimigean, 2016). 

K+ channels can be classified according to their stimulus-response, conductance properties, and 

structural criteria (Kopec et al., 2019). Thus, there are four classes of K+ channels: voltage-gated 

potassium channels, calcium-activated potassium channels, inward-rectifying potassium channels, 

and dipore potassium channels (McCoy & Nimigean, 2012). There are a total of 77 genes encoding 

potassium channels and these are grouped into gene families KCNA, KCNB, KCNC, KCND, 

KCNF, KCNG, KCNH, KCNJ, KCNK, KCNM, KCNN, KCNQ, KCNS, KCNT, KCNU4 and 

KCCNV. The conductance properties of K+ channels result from the presence of evolutionarily 

conserved "signature" sequences that constitute the selectivity filter, except that some potassium 

channels may have substitutions in the selectivity filter sequence (Shealy et al., 2003). K+ channels 

generally have a conserved structure consisting of two transmembrane domains and two pore-

forming P-loops. This minimal structure is identical to the ATP-sensitive inwardly gating potassium 

channels - Kir1-6 - activated by external mechanisms. In some cases, for example, ATP-dependent 

channels form a complex with the protein SUR1, which senses the concentration of ATP and causes 

the channel to close in the presence of ATP (Martin et al., 2017). 

In other cases, the α-subunit of the G protein is responsible for opening the channel. Inward 

channels usually play a role in the flow of K+ ions into and out of the cell depending on the 

electrochemical gradient. Still, they often facilitate the outward flow and shift the membrane 

potential to a negative equilibrium for K+. 39 genes encode members of the Kv family (voltage-

gated potassium channels, Kv1-12) and have a voltage sensor with four additional transmembrane 

loops.  
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Calcium-activated potassium channels (KCa) share the same structure as the Kv family. Still, 

except for the calcium-activated potassium channel α1 subunit (KCa1.1), they are voltage-

independent and activated by intracellular Ca2+ ions Fig. 1, (Guéguinou et al., 2014; Javaherian et 

al., 2011; Yusifov et al., 2008; Yusifov et al., 2010). The structural basis of ion selectivity in K+ 

channels has been extensively studied using the prototypical K+ channel, KcsA, as a model system 

(Xu & McDermott, 2019). It was clear that the conserved sequence of TVGYG amino acids was 

preserved in its selectivity filter. In this channel, TVGYG only binds K+ ions and can block other 

ions. Overall, such selectivity properties and overexpression of potassium channels are known to 

affect tumors and various processes during the cell cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Model of structure and function of the BK channel. (A) Topology of BK channel 

showing the extracellular N-terminal region, the transmembrane domain composed by the voltage 

sensor and pore domain (P), and the intracellular C-terminal domain (CTD) where the RCK1 and 

RCK2 Ca2+ binding sites reside. (B) The atomic structure of the human BK channel was obtained 

using Cryo-EM structure (PDB:6V3G.) Each subunit is shown in different colors. The images were 

rendered using Discovery Studio Visualizer 2024. 

The potassium channels play an important role in the formation of cancer hallmarks  

The highly abnormal expression of potassium channels in tumors is common to many tumor 

types Fig. 2 (Kopec et al., 2019). Changes in the expression levels of K+ channels occur at the 

genomic, transcriptional, post-transcriptional, translational, and epigenetic levels, which are 

explained by changes in the regulatory region. For example, the activity of Kv11.1, member H of the 

voltage-gated potassium channel subfamily, is enhanced by interaction with β1-integrin and β-

catenin, and Kv10.1 is activated by epidermal growth factor receptor (EGFR) (Breuer et al., 2019). In 

some breast cancer cell lines, the expression of K2P5.1, a member of the potassium channel 

subfamily, is increased by estrogen receptor-α activation, and channel activity is reduced, which 

reduces estrogen-induced proliferation of breast cancer cells, which, suggesting that the expression 

of the channel is involved in the response to estrogenic stimuli. In other channels, the gene encoding 

the T1-domain protein encodes the potassium channel regulator (KNCRG), which reduces 

potassium currents and cell surface K+ channel expression in cancer cell lines (Usman & Mathew, 

2010). KCNRG also reduced proliferation and increased apoptosis in tumor cells in vitro, but did 

not affect cell migration and aberrant cell death. Epigenetic mechanisms such as DNA methylation 

have been implicated in the altered expression of KCNH5 in non-small cell lung cancer, KCNH2 in 

clear cell ovarian cancer, and KCNA3 in pancreatic cancer and poorly differentiated breast cancer 

(Lei et al., 2023). Alterations in histone acetylation have been implicated as a source of aberrant 

expression of Kv10.1 in head and neck cancer. As an exception, naturally occurring mutations in the 

P-loop in the Kir3.4 channel result in loss of ion selectivity, leading to increased Na+ conductance 

and thus cell depolarization. This, in turn, results in increased aldosterone secretion and 

proliferation, leading to aldosterone-producing adrenal adenomas and hypertension. 

A B 
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However, most of the mechanisms leading to the loss of regulated expression of potassium 

channels in tumors are still poorly understood. If K+ expression were not essential for Kv10.1 

tumorigenesis, mere inhibition of the channel would not have a strong effect on tumor growth. 

However, because open channel blockers bind the protein in an activated conformation, they 

prevent the conformational changes that occur in response to stress. Indeed, pharmacological 

inhibition of channel activity by small molecules or monoclonal antibodies has shown efficacy in 

mouse xenograft models of breast and pancreatic cancer (Daneshmand et al., 2016). In addition, the 

selectivity of Kv10.1 expression makes it possible to use this channel as a target for the delivery of 

cytotoxic compounds or cytokines. For example, a fusion protein consisting of a ligand (TRAIL) 

that recognizes an extracellular epitope on Kv10.1 induces the programmed death of Kv10.1-positive 

and Kv10.1-negative tumor cells and induces fratricide (immune T cell) (Selvakumar et al., 2022; 

Song et al., 2016). 

Potassium channels have been found to influence cell migration in many cell types strongly. In 

this context and depending on the tumor type, calcium-activated potassium channels are important 

among different ion channel families, for example, KCa1.1 and KCa3.1 are critical for glioma cell 

migration (Catacuzzeno et al., 2021). Indeed, activation of KCa1.1  by ionizing radiation can increase 

the motility of glioma cells after radiotherapy in vitro, leading to therapy failure (Selvakumar et al., 

2022). In contrast, members of the small-permeability family of calcium-activated potassium 

channels are relevant for the migration and metastasis of colon, melanoma, and breast cancer cells. 

Inhibition of Kv10.1 among voltage-gated channels successfully reduces the migration of leukemia 

and breast cancer cells in vitro (Tanner et al., 2019). Kv11.1 has been implicated in the migration of 

leukemia, thyroid, and melanoma cells. In all of the above cases, potassium channel inhibition 

reduces cell migration, and therefore potassium channel inhibition is predicted to reduce metastatic 

potential (Song et al., 2016). 

The spread of cancer cells to healthy tissues and organs, in short, metastasis, is an important 

event for tumor development. During this process, cancer cells detach from the substrate, move to a 

new position, and reestablish adhesion at the new location. It has been argued that potassium 

channels have a role in each step of these processes. Potassium channels are also associated with 

integrins, which are key initiators of cell adhesion signaling in physiological situations. 

 

 
 

Fig. 2. Roles of K+ channels in cancer hallmarks formation. Cellular processes associated  

with changes in expression and increased activity of the K+ channels: two-pore domain K+  

channel (K2P), the inward rectifier K+ channel (Kir), and the voltage-gated K+ channel  
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(Kv) in cancer.  K+ channels structure in ribbon representation were generated with  

the PDB 6RV2, 7S5Z, and 7WF4 (Zúñiga et al., 2022). 

 

The Kv11.1 channel was among the first voltage-regulated channels identified to be directly 

linked to cancer. The involvement of potassium channels in cell adhesion signaling is demonstrated 

for Kv11.1, which physically interacts with β1 integrin. Activation of β1 integrin results in long-term 

activation of Kv11.1 (He et al., 2020). The membrane potential of neuroblastoma cells has also been 

suggested to be controlled by the expression of an inward regulatory channel identified as Kv11.1. It 

was soon discovered that Kv11.1 is highly expressed in many types of cancer. Of these, the most 

studied are blood and colon cancers, but there is evidence of overexpression in many other tumor 

types. However, KCNH2 appears to be epigenetically silenced in clear-cell ovarian carcinoma, 

suggesting that increased expression of Kv11.1 is not essential for tumorigenesis in all cancer types. 

Inhibition of K v11.1  function reduces tumor cell proliferation in vitro and in vivo (Arcangeli & 

Becchetti, 2010; He et al., 2020). Therefore, this channel potentially presents a new avenue for 

therapeutic intervention.Aberrant expression of potassium channels is frequently observed in 

tumors and can alter tumor behavior in various ways and confer advantages on tumor cells. For 

example, Kv11.1 channel activity has been implicated in the chemoresistance of tumor cells and has 

been shown to have prognostic significance in colon, head and neck, ovarian, and gastric cancers. 

Kv11.1 channel expression can predict malignancies in skin cancer, ovarian carcinoma, acute myeloid 

leukemia (AML), and head and neck cancer (can be used as an anchor marker). The association of 

Kv10.1 with AML is exciting because this channel helps determine the choice of treatment regimen 

in AML. In addition, expression levels of Kv10.1 may also be useful as a human papillomavirus 

(HPV) marker (Agarwal et al., 2010; Martínez et al., 2015). 

 

Conclusion 

 

Potassium channel interference potentially offers a new therapeutic window for cancer 

treatment. Specific concerns about channel targeting in normal tissues, such as potential side 

effects, can be addressed in several ways. In some cases, the channel is preferentially expressed in 

tumor cells. In other cases, the aberrantly expressed form differs from the physiologically normally 

expressed form. It is often possible to mechanistically dissociate functions in normal cells and 

tumor cells, so it should be possible to predict and implement combination therapies that improve 

the efficacy and specificity of traditional chemotherapies. In addition, ion channels are 

extracellularly accessible, a feature that simplifies drug design. In many cases, the rational design of 

new treatments leads to direct or indirect inhibition of cell growth factor receptors, leading to a 

significant life expectancy increase for patients with specific tumor types. Therefore, a new 

approach such as interfering with potassium channels in combination with existing treatments may 

significantly improve cancer treatment. Altogether, these properties warrant intensive investigation 

of the potential of K+ channels as targets for the treatment of cancer(s). 

 

References 

 

1. Agarwal, J. R., Griesinger, F., Stühmer, W., & Pardo, L. A. (2010). The potassium channel Ether 

à go-go is a novel prognostic factor with functional relevance in acute myeloid leukemia. 

Molecular Cancer, 9. https://doi.org/10.1186/1476-4598-9-18  

2. Arcangeli, A., & Becchetti, A. (2010). New trends in cancer therapy: Targeting ion channels and 

transporters. In Pharmaceuticals (Vol. 3, Issue 4). https://doi.org/10.3390/ph3041202  

3. Breuer, E. K., Fukushiro-Lopes, D., Dalheim, A., Burnette, M., Zartman, J., Kaja, S., Wells, C., 

Campo, L., Curtis, K. J., Romero-Moreno, R., Littlepage, L. E., Niebur, G. L., Hoskins, K., 

Nishimura, M. I., & Gentile, S. (2019). Potassium channel activity controls breast cancer 

metastasis by affecting β-catenin signaling. Cell Death and Disease, 10(3).  

https://doi.org/10.1038/s41419-019-1429-0 

https://doi.org/10.1186/1476-4598-9-18
https://doi.org/10.3390/ph3041202


Nature & Science International Scientific Journal  ISSN: 2707-1146 

2025 / Volume: 7 Issue: 4 / 82-88  e-ISSN: 2709-4189 

87 

4. Catacuzzeno, L., Sforna, L., Esposito, V., Limatola, C., & Franciolini, F. (2021). Ion Channels 

in Glioma Malignancy. Reviews of Physiology, Biochemistry and Pharmacology, 181. 

https://doi.org/10.1007/112_2020_44 

5. Choi, M., Scholl, U. I., Yue, P., Björklund, P., Zhao, B., Nelson-Williams, C., Ji, W., Cho, Y., 

Patel, A., Men, C. J., Lolis, E., Wisgerhof, M. V., Geller, D. S., Mane, S., Hellman, P., Westin, 

G., Åkerström, G., Wang, W., Carling, T., & Lifton, R. P. (2011). K+ channel mutations in 

adrenal aldosterone-producing adenomas and hereditary hypertension. Science, 331(6018). 

https://doi.org/10.1126/science.1198785 

6. Daneshmand, S., Bedient, C. E., Garner, F., & Shapiro, B. S. (2016). Expanding same-sex 

couples’ access to assisted reproduction. Fertility and Sterility, 106(3). 

https://doi.org/10.1016/j.fertnstert.2016.07.317  

7. Garattini, S. (2003). New approaches to cancer therapy. In Annals of Oncology (Vol. 14, Issue 

6). https://doi.org/10.1093/annonc/mdg261  

8. Guéguinou, M., ChantÔme, A., Fromont, G., Bougnoux, P., Vandier, C., & Potier-Cartereau, M. 

(2014). KCa and Ca2+ channels: The complex thought. In Biochimica et Biophysica Acta - 

Molecular Cell Research (Vol. 1843, Issue 10). https://doi.org/10.1016/j.bbamcr.2014.02.019  

9. He, S., Moutaoufik, M. T., Islam, S., Persad, A., Wu, A., Aly, K. A., Fonge, H., Babu, M., & 

Cayabyab, F. S. (2020). HERG channel and cancer: A mechanistic review of carcinogenic 

processes and therapeutic potential. In Biochimica et Biophysica Acta - Reviews on Cancer (Vol. 

1873, Issue 2). https://doi.org/10.1016/j.bbcan.2020.188355  

10. Huang, X., & Jan, L. Y. (2014). Targeting potassium channels in cancer. In Journal of Cell 

Biology (Vol. 206, Issue 2). https://doi.org/10.1083/jcb.201404136  

11. Javaherian, A. D., Yusifov, T., Pantazis, A., Franklin, S., Gandhi, C. S., & Olcese, R. (2011). 

Metal-driven operation of the human large-conductance voltage- and Ca2+-dependent 

potassium channel (BK) gating ring apparatus. The Journal of biological chemistry, 286(23), 

20701–20709. https://doi.org/10.1074/jbc.M111.235234  

12. Kim, D. M., & Nimigean, C. M. (2016). Voltage-gated potassium channels: A structural 

examination of selectivity and gating. Cold Spring Harbor Perspectives in Biology, 8(5). 

https://doi.org/10.1101/cshperspect.a029231  

13. Kopec, W., Rothberg, B. S., & de Groot, B. L. (2019). Molecular mechanism of a potassium 

channel gating through activation gate-selectivity filter coupling. Nature Communications, 

10(1). https://doi.org/10.1038/s41467-019-13227-w  

14. Lei, J., Wang, Q., Qu, T., Cha, L., Zhan, H., Xu, J., Liu, S., Tian, L., Sun, C., Cao, J., Qiu, F., 

Guo, W., & Zhou, B. (2023). KCNH2 regulates the growth and metastasis of pancreatic cancer. 

Journal of Pancreatology, 6(3). https://doi.org/10.1097/JP9.0000000000000123  

15. Li, M., Tian, P., Zhao, Q., Ma, X., & Zhang, Y. (2023). Potassium channels: Novel targets for 

tumor diagnosis and chemoresistance. In Frontiers in Oncology (Vol. 12).  

16. https://doi.org/10.3389/fonc.2022.1074469  

17. Martin, G. M., Yoshioka, C., Rex, E. A., Fay, J. F., Xie, Q., Whorton, M. R., Chen, J. Z., & 

Shyng, S. L. (2017). Cryo-EM structure of the ATP-sensitive potassium channel illuminates 

mechanisms of assembly and gating. ELife, 6. https://doi.org/10.7554/eLife.24149  

18. Martínez, R., Stühmer, W., Martin, S., Schell, J., Reichmann, A., Rohde, V., & Pardo, L. (2015). 

Analysis of the expression of Kv10.1 potassium channel in patients with brain metastases and 

glioblastoma multiforme: Impact on survival. BMC Cancer, 15(1).  

https://doi.org/10.1186/s12885-015-1848-y  

19. McCoy, J. G., & Nimigean, C. M. (2012). Structural correlates of selectivity and inactivation in 

potassium channels. In Biochimica et Biophysica Acta - Biomembranes (Vol. 1818, Issue 2). 

https://doi.org/10.1016/j.bbamem.2011.09.007  

20. Mokhtari, R. B., Homayouni, T. S., Baluch, N., Morgatskaya, E., Kumar, S., Das, B., & Yeger, 

H. (2017). Combination therapy in combating cancer. In Oncotarget (Vol. 8, Issue 23).  

https://doi.org/10.18632/oncotarget.16723  

https://doi.org/10.1126/science.1198785
https://doi.org/10.1093/annonc/mdg261
https://doi.org/10.1016/j.bbamcr.2014.02.019
https://doi.org/10.1016/j.bbcan.2020.188355
https://doi.org/10.1083/jcb.201404136
https://doi.org/10.1074/jbc.M111.235234
https://doi.org/10.1101/cshperspect.a029231
https://doi.org/10.1038/s41467-019-13227-w
https://doi.org/10.1097/JP9.0000000000000123
https://doi.org/10.3389/fonc.2022.1074469
https://doi.org/10.7554/eLife.24149
https://doi.org/10.1016/j.bbamem.2011.09.007


Nature & Science International Scientific Journal  ISSN: 2707-1146 

2025 / Volume: 7 Issue: 4 / 82-88  e-ISSN: 2709-4189 

88 

21. Schwartz, G. K., & Shah, M. A. (2005). Targeting the cell cycle: A new approach to cancer 

therapy. Journal of Clinical Oncology, 23(36). https://doi.org/10.1200/JCO.2005.01.5594  

22. Selvakumar, P., Fernández-Mariño, A. I., Khanra, N., He, C., Paquette, A. J., Wang, B., Huang, 

R., Smider, V. V., Rice, W. J., Swartz, K. J., & Meyerson, J. R. (2022). Structures of the T cell 

potassium channel Kv1.3 with immunoglobulin modulators. Nature Communications, 13(1).  

https://doi.org/10.1038/s41467-022-31285-5  

23. Shealy, R. T., Murphy, A. D., Ramarathnam, R., Jakobsson, E., & Subramaniam, S. (2003). 

Sequence-function analysis of the K+-selective family of ion channels using a comprehensive 

alignment and the KcsA channel structure. Biophysical Journal, 84(5).  

https://doi.org/10.1016/S0006-3495(03)70020-4  

24. Song, X., Hong, S. H., Kwon, W. T., Bailey, L. M., Basse, P., Bartlett, D. L., Kwon, Y. T., & 

Lee, Y. J. (2016). Secretory trail-armed natural killer cell-based therapy: In vitro and in vivo 

colorectal peritoneal carcinomatosis xenograft. Molecular Cancer Therapeutics, 15(7). 

https://doi.org/10.1158/1535-7163.MCT-15-0937 

25. Tanner, M. R., Pennington, M. W., Chauhan, S. S., Laragione, T., Gulko, P. S., & Beeton, C. 

(2019). KCa1.1 and Kv1.3 channels regulate the interactions between fibroblast-like 

synoviocytes and T lymphocytes during rheumatoid arthritis. Arthritis Research and Therapy, 

21(1). https://doi.org/10.1186/s13075-018-1783-9 

26. Usman, H., & Mathew, M. K. (2010). Potassium channel regulator KCNRG regulates surface 

expression of Shaker-type potassium channels. Biochemical and Biophysical Research 

Communications, 391(3). https://doi.org/10.1016/j.bbrc.2009.11.143 

27. Xu, Y., & McDermott, A. E. (2019). Inactivation in the potassium channel KcsA. Journal of 

Structural Biology: X, 3. https://doi.org/10.1016/j.yjsbx.2019.100009 

28. Younes, S., Mourad, N., Salla, M., Rahal, M., & Hammoudi Halat, D. (2023). Potassium Ion 

Channels in Glioma: From Basic Knowledge into Therapeutic Applications. In Membranes (Vol. 

13, Issue 4). https://doi.org/10.3390/membranes13040434. 

29. Yusifov, T., Savalli, N., Gandhi, C. S., Ottolia, M., & Olcese, R. (2008). The RCK2 domain of 

the human BKCa channel is a calcium sensor. Proceedings of the National Academy of Sciences 

of the United States of America, 105(1), 376–381. https://doi.org/10.1073/pnas.0705261105  

30. Yusifov, T., Javaherian, A. D., Pantazis, A., Gandhi, C. S., & Olcese, R. (2010). The RCK1 

domain of the human BKCa channel transduces Ca2+ binding into structural 

rearrangements. The Journal of general physiology, 136(2), 189–202. 

https://doi.org/10.1085/jgp.200910374 

31. Zúñiga, L., Cayo, A., González, W., Vilos, C., & Zúñiga, R. (2022). Potassium Channels as a 

Target for Cancer Therapy: Current Perspectives. OncoTargets and therapy, 15, 783–797. 

https://doi.org/10.2147/OTT.S326614 

 

 

Received: 05.01.2025 

Accepted: 20.03.2025 

 

 

https://doi.org/10.1200/JCO.2005.01.5594
https://doi.org/10.1186/s13075-018-1783-9
https://doi.org/10.1016/j.bbrc.2009.11.143
https://doi.org/10.1016/j.yjsbx.2019.100009

