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Granulocyte colony-stimulating factor receptor (GCSFR) is a critical regulator of granulopoiesis. Studies have shown significant upregulation of GCSFR in a variety of cancers and cell types and have recognized GCSFR as a cytokine receptor capable of influencing both myeloid and non-myeloid immune cells, supporting pro-tumoral actions. This systematic review aims to summarize the available literature examining the mechanisms that control GCSFR signaling, regulation, and surface expression with emphasis on how these mechanisms may be dysregulated in cancer. Experiments with different cancer cell lines from breast cancer, bladder cancer, glioma, and neuroblastoma are used to review the biological function and underlying mechanisms of increased GCSFR expression with emphasis on actions related to tumor proliferation, migration, and metastasis, primarily acting through the JAK/STAT pathway. Evidence is also presented that demonstrates a differential physiological response to aberrant GCSFR signal transduction in different organs. The lifecycle of the receptor is also reviewed to support future work defining how this signaling axis becomes dysregulated in malignancies.
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Introduction

Granulocyte colony-stimulating factor (GCSF) is a pleiotropic cytokine expressed by the gene transcript CSF3. GCSF is a hematopoietic growth factor that regulates the viability, proliferation, and differentiation of granulocytic precursors and the function of neutrophils by signaling through its receptor granulocyte colony-stimulating factor receptor (GCSFR) encoded by CSF3R. Both GCSF and GCSFR play important roles as chemical mediators that regulate immune cell homeostasis and coordinators of signal-dependent and non-specific immune responses upon microbial invasion. Cytokine signaling contributes to the effective first line of chemical defense against microbial invasion, resulting in chemotactic signaling to recruit neutrophils and natural killer cells to circulate in the blood and extravasate into interstitial spaces and epithelial surfaces. Because GCSF increases neutrophil mobilization and maturation, a recombinant human GCSF (rh-GCSF) has been used in clinical practice to prevent and treat neutropenia. In this capacity, it has proven highly effective in decreasing the frequency of febrile neutropenia among patients undergoing cytotoxic chemotherapy (1, 2). Consequently, the effects of GCSF on granulopoietic mobilization and differentiation have been evaluated extensively. However, investigators have also begun research into potentially unanticipated pro-tumor effects of GCSF in patients with malignancy, given the development of a broader understanding of the effects of this cytokine on non-immune cells. Recent studies have uncovered a potential oncogenic role for aberrant GCSFR expression and signaling in many hematologic malignancies and several solid cancers. Specifically, overexpression of GCSFR has been identified in nasopharyngeal, oral cavity, breast, colorectal, and ovarian cancer cells with data suggesting a potential role for GCSFR in cancer progression (3–6). Furthermore, an emerging body of evidence suggests that tumor microenvironments are regulated by increased GCSF signaling between tumor cells and adjacent immune cells in the development and progression of gastrointestinal (GI) cancers, which have also been noted to have increased GCSFR expression (7, 8).

Due to the evidence suggesting pro-tumor effects from dysregulated GCSFR signaling, here we seek to summarize what is known about GCSFR structure, signaling, and processing to inform future studies of the role played by GCSF in cancer. Studies performed in healthy cells are leveraged to further understand how the signal transduction pathways that GCSFR stimulates in normal tissues are co-opted in cancer cells. Increased understanding of the regulatory effect of GCSFR on cellular proliferation response patterns is important to guide additional studies into GCSFR’s contribution to oncogenesis and progression of malignancies. This review will discuss recent advances in our understanding of the mechanisms behind the receptor-driven signal transduction in various organ systems and cancerous cell lines to further understand the link between the upregulation of GCSFR and cancer pathogenesis.



Structure

GCSFR is an 813-amino acid protein encoded by CSF3R gene and is a member of the class I cytokine receptor family (9). The receptor is a single transmembrane protein comprised of several functional extracellular and intracellular domains. As seen in Figure 1, the extracellular region contains an immunoglobulin (Ig)-like domain, a cytokine receptor homologous (CRH) domain, and three fibronectin type III (FNIII) domains (10). The intracellular region contains three distinct motifs called Box 1, Box 2, and Box 3 and four tyrosine residues (704, 729, 744, and 764) that are essential for mitogenic signal transduction. GCSF requires four highly conserved cysteine residues in the N-terminal half region and the WSXWS motif in the cytokine receptor-homologous (CRH) domain to bind GCSFR and initiate signal transduction (11). Additionally, these four cysteine residues in combination with an additional four cysteine residues at the N-terminal provide eight potential sites for N-linked glycosylation (12).




Figure 1 | Overall GCSFR Structure.




Isoforms

Seven messenger RNA (mRNA) isoforms (Class I through VII) can result from alternative splicing of CSF3R. While it is unclear which isoforms are expressed in non-hematopoietic cells, the only class I (the canonical type) and class IV (differentiation defective) GCSFR isoforms are detectable in hematopoietic cells (13). Functional mapping studies highlight the importance of the 87-amino acid residues of the carboxy-terminal region in the receptor that allow the signaling for cellular maturation and the 96-amino acid residues of the proximal membrane region that allow the signaling for cellular proliferation. Class IV GCSFR, which is expressed prominently in patients with acute myeloid leukemia (AML), contains a truncation of 87 amino acids at position 725 of the C-terminal along with dileucine residues required for normal receptor internalization, which are replaced by a unique 34-amino acid sequence (9, 14). These changes are thought to result in receptor overexpression due to a lack of normal internalization. Increased expression of Class IV GCSFR has also been linked to increased incidence of AML relapse (15).




Signal transduction

The immune response to pathogenic microbial invasions is triggered by the finely tuned cascading signal transductions of neighboring cells. GCSF and GCSFR play an integral role in an adaptive immune response through their immunomodulation effect. However, many investigators have also found that GCSFR signaling is increased in multiple cancers as compared to expression levels in healthy cells.

Activation of the receptor enhances the rate of cellular proliferation through the initiation of a cascade of intracellular signaling that is propagated by many factors, among which are Src and a tyrosine kinase protein, Janus Kinase (JAK). This results in the downstream activation of the transcription factors of signal transducers and activators of transcription (STAT) family. Suppressors of cytokine signaling proteins (SOCS) are critical negative regulators of GCSFR that inhibit the JAK/STAT pathway in a feedback loop. These proteins are primarily involved in the signal transduction pathways that GCSFR triggers, and stringent regulation of these proteins is integral for maintaining optimal expression of the receptor. Timely regulated initiation of the expression of GCSFR plays a central role in the sequence of events that lead to lineage divergence and in the establishment of malignancies (16). While the role played by GCSFR in neutrophil maturation and signaling is widely known, more recent work has shown considerable effects of GCSFR signaling in a wide variety of immune and non-immune cells. The results of signal transduction through GCSFR are also found to be dependent on both ligand concentration and cell location.

Like the interleukin-6 (IL-6) activation pathway, GCSF binding to GCSFR activates the signal transduction pathways by primarily inducing tyrosine phosphorylation of the receptor, which activates the JAK/STAT pathway (Figure 2). GCSFR has no intrinsic tyrosine kinase activity. However, upon GCSF binding, four conserved tyrosine residues in the cytoplasmic domain develop an increased affinity to STAT3, the adapter proteins Src homology and collagen homology (Shc), growth factor receptor bound protein 2, and suppressor of cytokine signaling 3 (SOCS3) after being phosphorylated by JAK1, JAK2, and Tyrosine kinase-2 Tyrosine kinase-2 (TYK2) (17). The cellular signal is propagated further when JAK2 recruits another tyrosine kinase, Lyn protein, a key inducing factor for the mitogenic behavior of GCSFR. Lyn, which directly binds to Casita B-lineage Lymphoma or Cbl, an E3 ubiquitin-protein ligase, couples Lyn to Phosphoinositide-3 kinase (PI3) (18, 19).




Figure 2 | General Overview of GCSFR Signal Pathways. Adapted from “Hippo Pathway in Mammals”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



While JAKs are phosphorylated as a result of the GCSF ligation of GCSFR, STATs are simultaneously activated and traffic downstream signals. Like JAK proteins, STAT proteins have important tyrosine residue sites that need to be successfully phosphorylated to be activated. There is extensive evidence that the tyrosine residues in the membrane-proximal cytoplasmic region of GCSFR, Y704 and Y744, are integral for STAT activation via a direct docking mechanism at those sites (20). Three distinctive STAT proteins are involved in this activation step: STAT1, 3, and 5. While all three play roles in the activation of cellular proliferation, each of the three has a distinct mechanism of action. Phosphorylated STAT1 (pSTAT1) controls the dormant stem cell’s entry into the cell cycle and stimulation of interferon (IFN) for an inflammatory response. Phosphorylated STAT3 (pSTAT3) acts as a mediator and a key regulator of pluripotent cell maintenance. Phosphorylated STAT5 (pSTAT5) acts as a downstream messenger that induces the activation of the erythropoietin receptor (EPOR) in the setting of basal GCSFR activity (21, 22). STAT3 activation is required for GCSF-dependent granulocytic differentiation and regulation as the protein leads to sustained GCSF-induced proliferation in certain myeloid cell lines. This is demonstrated by the fact that reduced STAT3 signaling led to the loss of stem cell maintenance, while STAT5 and STAT1 largely affected cellular survival (23). STAT3 seems to hold greater importance in the signal transduction process, as it is expressed in greater amount than STAT5 and STAT1 in GCSF/GCSFR-dependent signaling (24, 25). Consistently, past findings differentiate STAT3 from STAT5 as the major proponent for oncogenesis in solid tumors.  It has been detected in solid tumors at significantly increased levels, while STAT5 is found at higher levels in hematological malignancies. However, there is emerging evidence that shows STAT5 having a wider role in mediating solid tumorigenesis than previously thought. Although STAT5 has not been included in Figure 2, as it is not yet confirmed to be a potent oncogene in solid tumors, an increased expression level of STAT5 was notably found in lung cancer cells, promoting the survival of cancerous cells via the tyrosine-protein kinase ABL2 and transcriptional coactivator TAZ signaling axis (26, 27).

For STAT5 and STAT1, conserved Box 1 and Box 2 motifs in the cytoplasmic domain of GCSFR are required for activation (28, 29). Mutational analyses of the mouse GCSFR cytoplasmic domain elucidated the importance of conserved Box 1 and 2 sequence motifs in GCSF-mediated receptor growth signaling. These motifs are located at the carboxy-terminal end of the receptor close to the membrane-proximal 53 amino acids of the cytoplasmic domain and act as a latching site for tyrosine-specific phosphorylation of the transcriptional regulator p75c-rel in Ba/F3 transformants—a process integral for GCSFR growth signal transduction (30). However, STAT3 does not rely on the conserved motifs for activation. Instead, it acts through tyrosine-dependent and tyrosine-independent mechanisms for activation depending on the ligand concentration (Figure 3). Recently, a comparison of STAT3 activation between wild-type (WT) GCSFR with the deletion mutants d715 and Y704F suggests STAT3 activation has an alternate mechanism of activation at low GCSF concentrations. At low concentrations, STAT3 activation is mediated by the phosphorylation of the Y704 and 744 sites by receptor-associated JAK kinase family members, leading to dimerization mediated by reciprocal Src homology 2 (SH2)-pY705 motif interactions and then nuclear translocations and binding to specific DNA elements of CSF3R (31). Possible explanations for these two sites acting as the major docking sites may be that they allow more efficient phosphorylation or have higher affinity than the putative intermediate docking protein (32). In contrast, GCSFR is activated independently from intracellular tyrosine at the saturating concentrations of GCSF (100 ng/ml) (15). Under these high ligand concentration conditions, STAT3 activation is mediated by a mechanism involving the C-terminal region of the full-length GCSFR, removing the need for the tyrosine docking sites. The evidence suggests that emergency granulopoiesis in response to high levels of GCSF may be accomplished through an independent signaling pathway mediated by the distal region of GCSFR without the requirement of phosphotyrosine residues.




Figure 3 | STAT3 Activation Mechanisms. Adapted from “Cytokine Signaling through the JAK-STAT Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Unlike STAT3, STAT1 and STAT5 can be activated when a ligand binds to their receptors in the absence of receptor tyrosine phosphorylation. It is currently thought that JAK1 and JAK2 recruit and phosphorylate STAT1 and STAT5, respectively, in a direct manner. The expression of STAT5 is carefully regulated by Src homology phosphatase-1 (SHP1). A comparison of SHP1WT and SHP1mut expression in 32D cells, which are murine pre-B cells that require the cytokine for growth and survival, led to the finding that SHP1 directly regulates the intensity of GCSF-mediated proliferation in a negative manner through direct association with Y729 and indirect interaction with phosphorylated Y729 of GCSFR carboxy terminus. Although the SH2 domain of SHP1 did not interact with phosphorylated tyrosine residues in an in vitro binding assay, Src homology phosphatase-2 (SHP2) still maintained its regulation on proliferation at the expense of GCSF-induced differentiation (31, 33). This could possibly be explained by the fact that STAT5 has three active isoforms: STAT5A, STAT5B, and STAT5p80. While STAT5A and STAT5B bind to the proliferation-specific domain of GCSFR, STAT5p80 binds to phosphorylated Y704 of GCSFR, which is essential for differentiation (28, 34). The activated STAT5 is now able to behave similarly as STAT3 in that it is able to cause STAT5 dimerization and attract transcription factors like lymphoid enhancer-binding factor-1 (LEF1) and C/EBPα to the nucleus (35, 36). Investigations using samples from congenital neutropenia (CN) patients with and without AML revealed that higher levels of phosphorylated STAT5 and LEF1 were found in CN patients who developed AML subsequently than in CN patients who did not develop AML. Furthermore, a recent study on breast cancer gene-1 (BRCA1) associated with ovarian cancers revealed a role for STAT5 in mediating solid tumorigenesis. Upregulated STAT5 inhibited the transcription factor p21, a cell-cycle inhibitor, leading to increased proliferation of ovarian carcinomas (37). Furthermore, studies on JAK2 V617F mutations, acquired somatic mutations often found in patients with myeloproliferative cancers, revealed that STAT5 over-activation can also cause increased cell proliferative behavior in non-myeloid cells such as mammary cells (38). A point mutation in JAK2 allowed constitutive activation of JAK2 in epithelial mammary cells, which led to hyperactivation of STAT5 that eventually enhanced the proliferation of epithelial memory cells. These findings highlight a greater role for STAT5 in the oncogenesis of both solid tumors and hematopoietic cancers.

Similar to STAT5, STAT1 activation is dependent on the successful formation of STAT1 homodimers by reciprocal phosphotyrosine–SH2 domain interactions, which allows for translocation of the homodimers to the nucleus, which is followed by binding to the promoters of the targeted genes (39). STAT1 is tightly regulated, as its response is rapid and transiently activated in response to ligand stimulation. It is also subjected to regulation by SHP1 and SHP2 in a negative regulatory manner. Both phosphatases reduce JAK/STAT1 signaling by inactivating the interferon receptors and JAKs through dephosphorylation (18, 23).

In earlier paragraphs, secondary GCSFR regulators specific to each protein were explored, but SOCS proteins are the primary regulators of GCSFR. While STAT signaling regulates the intensity of signal transduction induced by GCSF, members of the SOCS family control the duration of the signal. STAT activation induces the expression of SOCS, and in turn, SOCS inhibits the signaling cascade in a classic negative feedback loop. While there are eight proteins in the SOCS family, SOCS1 and SOCS3 are currently at the center of interest, as they are unique in the SOCS family for their particularly short N-terminal domain, which allows direct interaction with JAKs to inhibit the catalytic activity. SOCS1 and SOCS3 have two described mechanisms of inhibition. First, the SH2 domain of SOCS3 directly binds to the phosphorylated activation loop of JAK and the killer-cell immunoglobulin-like receptor (KIR) domain, which then blocks the active site of JAK. Second, the elongin B/C heterodimer and ternary complex-bound SOCS box domain interact with Cullin 5 (CUL5) to form the scaffold of an E3 ubiquitin ligase that ubiquitinates both JAKs and GCSFR, marking them for degradation by proteasomes. (Figure 4) (40).




Figure 4 | SOCS Inhibition Mechanisms. Adapted from “Cytokine Receptor Families”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



The complex signal transductions and physiological effects driven by the GCSF/GCSFR system were recently investigated using a global GCSF knockout mouse model by Zhang et al. to determine how GCSF signaling modulates the physiological effect of non-alcoholic fatty liver disease (NAFLD). Overall, GCSF deficiency in mice alleviated a high-fat diet (HFD) and palmitic acid (PA) induced obesity, hepatic steatosis, and insulin resistance. A comparison of isolated primary hepatocytes from both GCSF knockout (−/−) and WT (+/+) mice treated with either an HFD or a standard-chow diet (SCD) revealed that administration of exogenous GCSF significantly aggravated palmitic acid-induced lipid accumulation in both the GCSF knockout (−/−) and WT (+/+) mouse samples. The model also showed a physiological difference in GCSF−/− mice having significantly lower liver weight, a lower mass of epididymal white adipose tissue, and a lesser extent of hepatic steatosis than their control littermates after 13 weeks of HFD feeding before the introduction of exogenous GCSF (41). These findings were confirmed by intrahepatic triglyceride content from hepatic and cellular triglyceride assay, hematoxylin and eosin staining, and oil red O staining from the histological analysis. With the use of serine–threonine kinase (Akt) and glycogen synthase kinase-3 (GSK3) as markers for insulin sensitivity and glucose tolerance, Western blotting showed significantly increased phosphorylation of JAK1/2, STAT3, Akt, and GSK3 in the livers of HFD-fed GCSF−/− mice exposed to exogenous GCSF treatment. Consistently, decreased SOCS3 was detected in these mice, suggesting that GCSFR may be able to regulate lipid metabolism and insulin sensitivity via JAK/STAT3 signaling to modulate NAFLD. Immune cells in the liver through immunohistochemical staining and flow cytometry using myeloperoxidase as a marker for neutrophils and F4/80 for macrophages were also compared between GCSF−/− mice and WT prior to GCSF treatment.. Both neutrophils and macrophages were significantly decreased in the livers of HFD-fed GCSF−/− mice compared to WT, suggesting an alternate pathway in which GCSFR can indirectly affect the development of NAFLD by regulating the production and mobilization of neutrophils in the absence of GCSF (41). This study identifies the importance of GCSFR regulation in the presence of GCSF in response to diet-induced changes in hepatocyte metabolism. The study also suggests that increased GCSFR deregulates JAK/STAT/SOCS signal pathway, which can bring immunomodulation that may attenuate the hepatic metabolism process (41, 42).


Signal modulation

Whether GCSFR is susceptible to typical receptor translational modification remains investigated. However, emerging evidence suggests several mechanisms play functional roles in regulating the receptor. Specifically, C-mannosylation regulates the receptor by modulating its signaling. A post-translational modification that occurs intracellularly in the endoplasmic reticulum before protein folding and secretion, C-mannosylation regulates protein folding, guidance of substrate of proteins, and cellular signaling. This mode of protein modification has been found to be functional in regulating the downstream signaling of GCSFR. In the receptor, C-mannosylation at W318 regulates granulocytic differentiation in myeloid 32D cells and affects GCSF-dependent downstream signaling by changing ligand binding capability. Investigators used transduction of myeloid 32D cells with WT or W318F GCSFR expressing lentivirus to show that the absence of this C-mannosylation site on GCSFR resulted in lower phosphorylation levels of STAT3 compared to WT-expressing cells as well as a lower number of differentiated cells (43). The in vitro experiment also confirmed that C-mannosylation regulates the JAK/STAT pathway by affecting the capability of ligand binding without any change in the cell surface localization of GCSFR, resulting in myeloid cell differentiation (44).




Regulation of granulocyte colony-stimulating factor receptor expression

Initially, it was thought that GCSFR was expressed only on myeloid and hematopoietic stem cells. However, GCSFR has been shown to be expressed on epithelial cells, endothelial cells, ganglion cells, neurons, cardiomyocytes, and numerous cancer cell lines (45–48). Furthermore, the expression of GCSF and GCSFR is increased in several types of solid tumors including breast cancer, bladder cancer, GI cancers, and gliomas (8, 49–51). While GCSFR regulation has primarily been studied in myeloid cells, here we will discuss what is also known about GCSFR regulation in both myeloid and non-myeloid cells. By understanding how GCSFR expression is regulated, we will have greater insight into why and how dysregulation occurs in tumor development.


Regulators of transcription

The first barrier to transcriptional activation is chromatin accessibility. Physical access to chromatin is regulated through the topological organization of DNA binding proteins like nucleosomes and other chromatin binding factors (52). Post-translational modifications of nucleosomes contribute to chromatin accessibility, which can restrict or promote transcription factor binding. Early investigations of the methylation status of GCSFR promotors suggest that hypermethylation of the HpaII restriction site inhibits GCSFR transcription.

Examination of methylation patterns in lymphocytes that lacked GCSFR expression revealed hypermethylation of the promoter region of GCSFR gene, while macrophages, known to have high levels of GCSFR expression, exhibited hypomethylation of the promoter region. Lastly, granulocytes and monocytes exhibited no methylation (53). Taken together, these data suggest that GCSFR promotor methylation is a critical regulator of GCSFR expression. While histone remodelers, like SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily D, member 2 (SMARCD2), and STAT5, have been shown to contribute to the regulation of GCSF-induced differentiation of neutrophil granulocytes, the histone remodeler(s) involved in GCSFR specific modifications and whether they are conserved among cell types remain a mystery (54, 55).

Transcription factors also play a critical role in regulating gene expression. CCAAT/enhancer-binding proteins (C/EBPs) are a family of transcription factors that increase the transcription of numerous genes involved in proliferation, differentiation, and survival by binding the promotor regions of target genes (56). Currently, there are six known distinct C/EBPs (C/EBPα, C/EBPβ, C/EBPγ, C/EBP00190, C/EBPδ, and C/EBPζ). Several of these factors are critical for granulopoiesis including C/EBPα, which is also critical for the differentiation of several cell types including hepatocytes, adipocytes, lung cells, and ovarian cells (57). C/EBPα binds a GCAAT site found in the promotor region of CSF3R in myeloid nuclear extracts, and mutations in the site reduce promotor activity by 60% (58). C/EBPα (−/−) mice exhibited undetectable levels of GCSFR mRNA, supporting a critical role of this transcription factor (59). While one group found undetectable levels of GCSFR mRNA in C/EBPα KO mice, another group of investigators found that cell lines established in the fetal liver of C/EBPα (−/−) mice expressed GCSFR mRNA, which increased with the addition of granulocyte-macrophage colony-stimulating factor (GM-CSF), suggesting a mechanism of GCSFR expression independent of C/EBPα (60). Rat sarcoma virus (RAS) signaling enhances the ability of C/EBPα to transactivate the GCSFR promotor by phosphorylation of S248 of the C/EBPα transactivation domain in the U937 myeloid cell line and 293T embryonic kidney cells. Furthermore, PKC blocks this activation (61). C/EBP00190 can also regulate GCSFR when transiently transfected into HeLa cells, suggesting a potential additional level of regulation (57).

Two additional transcription factors have been identified that are involved in the regulation of GCSFR. PU.1, an ETS-family transcription factor encoded by the Spi1 gene, is a key differentiation regulator that can alter the expression of thousands of genes involved in hematopoiesis including GCSFR (62, 63). PU.1 binds a purine-rich DNA sequence (5′-GAGGAA-3′) called the PU-box located at +36 and +43 in the 5′ untranslated region of the GCSFR promotor. Mutation of this region reduces promoter activity by 75%. Additionally, C/EBPα physically interacts with and activates PU.1 distal enhancer in myeloid differentiation, suggesting an additional level of transcriptional complexity (64). Interestingly, when promoter activity was monitored by luciferase assay, activity increases were observed in NB4 and HL60 leukemic cell lines but not in the non-myeloid cell lines, Jurkat or BJAB (65–67). Later studies discovered an interaction between C/EBP00190 and activating transcription factor 4 (ATF4) at CEBP binding sites of the GCSFR promoter (Figure 5) (68). Investigators used a luciferase reporter construct in Jurkat cells to demonstrate that homodimers of C/EBP00190 and heterodimers of C/EBP00190 activate the GCSFR promotor equally well, whereas C/EBPα transcription is inhibited upon heterodimerization with ATF4 (68). These data suggest complicated and cell type-specific regulation of GCSFR expression. Many of these studies were done during the time when GCSFR was thought to be expressed explicitly in myeloid cells with later studies performed in lymphocytes. A more recent study found an additional step of GCSFR expression regulation in a neutrophilic granule protein (NGP) neuroblastoma subpopulation of CD144+ cells (3). STAT3, which is activated through GCSF signaling, directly regulates GCSFR expression, suggesting a feed-forward loop. Whether these transcription factors are involved in GCSFR regulation in epithelial cells and fibroblasts within tumor microenvironments remains unknown.




Figure 5 | Transcription Factors of GCSFR (CSF3R). Adapted from “CREB Signaling Pathway”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.





Translational regulation

MicroRNAs (miRs), short non-coding RNA molecules, bind to target mRNAs and allow translational repression and gene silencing. miRs play regulatory roles in cellular processes from proliferation to apoptosis at the translation stage. In relation to GCSFR, miRs play a critical role in combatting truncated GCSFR variants, which is important, as defective receptors have been shown to confer resistance to apoptosis and contribute to oncologic transformation. Currently, several miRs have been shown to regulate GCSFR expression, and dysregulation of expression in miRs are linked to diseases.

The miR-155 is highly expressed in hematopoietic progenitor cells and several hematological malignancies. Patients with severe congenital neutropenia (SCN), who have higher levels of class IV GCSFR, are also found to have higher levels of miR-155. Itkin et al. demonstrated that miR-155 was aberrantly upregulated in a STAT5-dependent manner for individuals with a greater level of class IV GCSFR, suggesting that upregulated miR-155 can increase the risk of de novo leukemia or leukemia relapse for these individuals. The pro-tumor effects mediated by miR-155 upregulation include the suppression of growth factor independent-1 transcription repressor, which is crucial for myeloid differentiation and tumor suppression, and tumor protein p53 inducible nuclear protein-1, which has anti-proliferative and pro-apoptotic activities. Additionally, miR-155 indirectly promotes the secretion of C-C chemokine ligand-2 (CCL2), a strong chemotactic factor important for regulating macrophage recruitment and polarization during inflammation (69). The miR-155-mediated CCL2 upregulation was found to upregulate GCSF-induced mobilization via C-X-C motif chemokine-12/C-X-C motif chemokine receptor 4 (CXCL12-CXCR4) signaling axis and STAT5 activation when class IV GCSFR was present (70). This finding highlights the pro-tumorigenic implications of miR-155-mediated GCSF and GCSFR expression and increased leukemogenicity in SCN patients.

While miRNAs can regulate GCSFR expression, signaling through the GCSF axis can also increase the expression of pro-tumor miRNAs. Recent work by Zhang et al. demonstrated that GCSF treatment on the HCT-8 colon cancer cell line resulted in a gradual increase of miR-125b expression in a time-dependent manner (71). Previous studies suggest that miR-125b can act in a pro-metastasis manner by modulating the tumor microenvironment via promotion of apoptosis and epithelial to mesenchymal transition (72). A recent analysis of colorectal cancer (CRC) patient samples with or without node metastasis confirmed that samples from patients with metastasis had higher expression of miR-125b. Further work on the HCT-8 cell line by ectopically expressing miR-125b in the cell line revealed that ectopic miR-125b could significantly promote migration and invasion of CRC cells, indicated by the transwell migration array and Matrigel invasion array. The finding was consistent with tumors of mice injected with CRC cells with overexpressed miR-125b metastasizing in the liver and lung (71, 73). The migration speed of HCT-8 cells also increased in a dependently of in miR-125b overexpression, as the wound healing assay showed much faster wound healing than that of the control. Zhang et al. performed a dual-luciferase activity assay and identified myeloid cell leukemia-1 (MCL1), an inhibitor of apoptosis that contains 3′-UTR putative target sequences for miR-125b, to be the direct target of this translational modification. The result revealed miR-125b inhibiting the relative luciferase activity of WT MCL1 3′-UTR constructs with firefly luciferase vector when co-transfected with miR-125b mimics, suggesting that miR-125b directly binds to 3′-UTR of MCL1 to inhibit its expression (71). While the exact mechanism by which miR-125b acts in CRC initiation and progression is unclear, different studies have identified the increased presence of miR-125 in breast and liver cancers, suggesting that miR-125-induced inhibition of MCL1 protein may selectively promote apoptosis-resistant cancer cells, which then can have greater metastatic potential than the cancer cells susceptible to apoptosis, in various organs (73).




Trafficking and post-translational modifications


Localization

Protein localization requires the accumulation of a protein at a destined site to produce cellular signaling and is an important step for signal trafficking. Endocytosis is one method by which signal transductions are modulated in terms of intensity and duration. In some disease processes, receptor trafficking can become altered, resulting in hampered receptor signaling pathways. Enhanced green fluorescent protein (EGFP)-tagged WT GCSFR demonstrated ligand-induced spontaneous receptor internalization with predominant localization in the Golgi apparatus, late endosomes, and lysosomes (74). Positions at 749–755 and 756–769 in the C-terminal region of GCSFR aid in the internalization of the receptor via their dileucine internalization motif, which is dependent on phosphorylation of a serine residue at position −4 to −5 upstream of the dileucine pair. The phosphorylation of this serine residue facilitates the interaction with activator protein-2 (AP2) (75). Internalization of the receptor has a synergizing effect on JAK activation. Additionally, the integrity of a crucial tryptophan residue (W650) in the juxta-membrane region of the receptor for JAK activation is found to further stabilize the internalization process.



Recycling

The fate of internalized receptors includes receptor degradation and recycling. Receptor recycling plays an important regulatory role in signal activation and overall signal trafficking. In WT GCSFR, GCSF binding of the receptor results in receptor internalization followed by endosome formation as presented in Figure 6. During this process, downstream signaling continues. The receptor inside the endosome now faces either degradation or recycling. If recycled, the early endosome undertakes a dynamic system for sorting and re-exporting membrane components via the endoplasmic reticulum and Golgi apparatus, respectively. Understanding the mechanism of recycling helps in determining the composition of the plasma membrane and the mechanisms of normal cellular homeostasis.




Figure 6 | GCSFR Degradation and Recycle Mechanisms. Adapted from “Endocytosis and Exocytosis with Membrane Rupture (Layout)”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Damaged endosomal recycling is often linked to a variety of diseases, including cancer and neutropenia. Vacuolar protein sorting 45 homolog (VPS45) deficiency is often found in patients with serious infections and diseases including CN, bone marrow fibrosis, and extramedullary renal hematopoiesis. VPS45, a member of the secretory/mammalian uncoordinated 18 (SM) family, is a critical regulator that orchestrates trafficking through the endosomal system and promotes the recycling of cell surface receptors. Loss of VPS45 results in the trapping of GCSFR in endosomes and impaired lysosomal delivery (76). Linked to hypo-responsiveness to GCSF due to impaired trafficking of GCSFR, the absence of VPS45 reduced trafficking of colocalized GCSFR with lysosome-associated membrane glycoprotein-2 (LAMP2)-positive late endosomes, showing a sustained accumulation of receptor in early endosomes (77). The accumulation indicated that the absence of VPS45 arrests early endosomal activity in sorting receptors for recycling or degradation. Interestingly, past research draws a closer relationship between T224A mutation in VPS45 gene that abolishes its gene expression in SCN patients who are often susceptible to dysregulated GCSFR (76).

In GCSFR, phosphorylation of the immediate upstream serine residue at 749 of carboxyl terminus (S749), positioned four residues downstream of the dileucine motif, is found to be a crucial determinant in the switch from slow constitutive endocytosis to fast, ligand-induced endocytosis (74). A mutation of the leucine in internalization motif-1 to alanine (L753754A) has been shown to elicit a significant reduction in GCSFR internalization, suggesting that the upstream leucine residue plays an integral role in both localization and internalization of the receptor (43). The internalization rate of WT GCSFR was compared to receptor mutants S749A and S749D that mimic an unphosphorylated lysine residue and a phosphorylated residue, respectively. Both WT and S749D GCSFR had internalized approximately 60% of the surface GCSFR within 5 min of incubation at 37°C, while only 20% of the cells expressing S749A were internalized at that timepoint. Both S749A S749D GCSFR mutant cells were not affected by spontaneous internalization of anti-GCSFR antibodies when compared with WT GCSFR cells, indicating that the phosphorylation of S749 is important in determining the rate of ligand-mediated GCSFR internalization but is not sufficient by itself to catalyze the internalization rate in the absence of GCSF (77, 78).



Degradation

The degradation mechanisms of GCSFR are similar to most cell surface protein processing and include glycosylation and targeted ubiquitination. Derangements in the degradation process of GCSFR are found in patients with SCN and AML, which increase in GCSFR induces hypersensitivity and enhanced growth response to GCSF. (79–81).

Degradation of GCSFR begins with ubiquitination modulated by O-glycosylation. The cluster of threonine residues proximal to amino acid position 618 is an important site for glycosylation. The glycosylated wild-type GCSFR is expressed at the cell surface and triggers ligand-dependent tyrosine phosphorylation (82). The phosphorylation then leads to ubiquitination for proteasomal degradation. At this step, JAK2 levels decrease to limit the signaling (83). Additionally, O-linked glycosylation decreases the dimerization of the receptor due to its bulky charged group, which sterically hinders the process. A recent finding elucidates a novel avenue of aberrant signaling of GCSFR when the degradation signal is compromised. Threonine residue at the 618 (T618) site of the proximal membrane region of the receptor, a part of the O-linked glycosylation cluster, is an important motif for endocytosis and degradation. Truncation in T618 directly prevents O-glycosylation of the receptor and increases receptor dimerization, highlighting the receptor’s ability to be activated in a ligand-independent manner when T618 is compromised (84). Point mutation analysis of T618I mutant confirmed that this mutation prevented O-glycosylation of the receptor (82). Cells expressing the membrane-proximal CSF3R T618I mutation exhibited high rates of growth in the absence or presence of ligand without any change over the concentration gradient (85). This finding was consistent with previous reports that showed the T618I mutation causing rodent bone marrow colony formation in the absence of GCSF (86). The ligand-independent nature of T618 mutant underscores the relative potency of the truncation mutation and further highlights the importance of the threonine cluster in the function and regulation of GCSFR signaling.

The receptor is also susceptible to degradation through SOCS3-driven lysosomal degradation, in which ubiquitination of specific lysine residues in the conserved juxta-membrane motif plays a large role in regulating degradation. Unlike glycosylation, which partly inhibits JAK kinase activity, ubiquitination of the lysine residue at position 632 of juxta-membrane (K632) drives lysosomal degradation and targets STAT5 by downregulating and attenuating phosphorylation activity (Figure 4) (87). Covalent bonding of ubiquitin to a cytoplasmic lysine residue in GCSFR attracts lysosomal sorting effectors and proteins such as the hepatocyte growth factor regulated tyrosine kinase substrate, endocytic adaptor proteins (epsins), and the endosomal sorting complex required for transport machinery (ESCRT) complexes to create a binding site for membrane phosphoinositides. Subsequently, EAP45/Vps36 interacts with this complex to sort cargo proteins to the luminal vesicles of endosomes. SOCS’s innate ability to inhibit phosphorylation strengthens the effect of this downregulation pathway on GCSFR (39). Additionally, the lysine residue in the receptor holds importance in regulating the GCSFR-stimulated signal transduction. A lysine lacking GCSFR mutation is strongly associated with prolonged receptor expression, leading to unregulated cellular proliferation. Comparing the STAT phosphorylation activity between WT whole cell lysates and K762R/GCSFR transfectants, immunoblot analysis showed rapid diminishment of phosphorylation of both STAT3 and STAT5 in the WT compared to the mutated GCSFR counterpart 2 h post-GCSF stimulation. Akt signaling pathway, an important pathway for cell survival and proliferation, was also found to have prolonged activation in K762R mutants as compared to WT GCSFR transfectants in which Akt activity was undetected at 60 min (79).

Other biological inhibitors for degradation have been identified including methyl-β-cyclodextrin, hyperosmotic sucrose, severely reduced internalization-defective GCSFR mutants like D715, and GCSFR deletion mutations, which are often found in patients with neutropenia. Degradation inhibitors like MG132 and Bafilomycin-A take a more direct approach to restore GCSFR protein levels by preventing degradation. MG132, an effective reversible proteasome inhibitor, can readily permeate through the cell membrane and selectively inhibit proteosome machinery by attaching its peptide aldehydes to the lysosomal cysteine domain of proteases. Bafilomycin-A, a macrolide antibiotic, inhibits GCSFR degradation through acidification of either the extra cellular environment or intracellular organelles, denaturing lysosomes by specifically targeting vacuolar-type hydrogen ATPase (V-ATPase) (88).




Protein interactions

The GCSFR-driven signal transduction mechanism is complex. Its ability to contribute to proliferation and cellular differentiation signaling in different organs is a testament to the versatility of the receptor and highlights the potential for deleterious effects when GCSFR is upregulated. The in vitro investigation of GCSFR in hepatocytes discussed in the Signal Transduction section of this review reflects the organ specificity of GCSFR-stimulated signal transduction and highlights the vast presence of GCSFR in the human body. In the liver, GCSFR regulates hepatic lipid metabolism through downstream signaling activation of the JAK/STAT/SOCS pathway. GCSFR activation induced expression of SOCS3, which then inhibited JAK activation and limited STAT3 phosphorylation, negatively regulating GCSF response (41). This negative feedback pathway had a direct influence on instigating hepatic steatosis by inhibiting the expression of Akt and GSK3, which evoke insulin insensitivity, highlighting the intracellular interplay between organ-specific proteins and the GCSFR-mediated signaling proteins (89).

GCSFR is known to interact with transmembrane proteins involved in signal transduction pathways of cells to maintain healthy homeostasis. One of these interactions is with integrin α9β1. This transmembrane protein is often found in the epithelium and aids in the translation of extracellular signals that change cell behavior, specifically cell adhesion and migration (90). α9β1 is also prominently expressed on human neutrophils and mediates neutrophil migration through vascular cell adhesion molecule-1 (VCAM1) and tenascin-C (TNC). α9β1 improves the responsiveness of GCSFR to GCSF and promotes stimulation of the cascading signaling pathway by directly interacting with GCSFR. Comparing ltgα9 WT and ltgα9−/− bone marrow cells revealed that the STAT3 phosphorylation resulting from GCSF stimulation was significantly reduced in α9-deficient cells (91). While the specific mechanism remains unclear, the permissive role of α9β1 in the GCSFR-signaling pathway as indicated in the study suggests α9β1 is important for granulopoiesis, especially in enhancing the activation of STAT3.

Another important protein interaction of the receptor is with E6-associated protein (E6AP), a ligase protein best known for ubiquitinating the transcription factor p53. E6AP targets GCSFR for ubiquitin-mediated proteasome degradation, attenuating the receptor’s function (88). GCSFR and E6AP are co-localized together in the cells, and the co-localization is enhanced in the presence of the proteasome inhibitor MG132 both in vitro and in vivo (88). E6AP is also found to promote early degradation of GCSFR, reducing the GCSFR signaling indicated by reduced STAT3 phosphorylation. Investigators determined the half-life of GCSFR in the presence and absence of E6AP by inhibition of de novo protein synthesis with cycloheximide. E6AP markedly reduced the half-life of GCSFR, while the half-life of T718 GCSFR mutant was modestly affected, highlighting the importance of the protein–protein interaction between E6AP and GCSFR (88, 92). The study further implicates the possibility of E6AP as an effective GCSFR inhibitor to treat GCSFR upregulated diseases.



Receptor expression and response to granulocyte colony-stimulating factor in non-myeloid cells

Previously established understanding of GCSFR implicates that the receptor can interact with non-immune cells in different organs. In recent years, the receptor and its substrate have been detected on the surface of other microvascular murine endothelial cells originating from the thymus, brain, heart, and skin, as well as other non-hematopoietic cells (3, 5, 78). In the endothelial cells of different organs, GCSFR is expressed at similar levels as in myeloid cells and acts similarly in aiding the cellular proliferation and migration of cells (93). The signaling mechanism of rh-GCSF and the receptor (rh-GCSFR) in the ovarian adenocarcinoma cell line, HEY, allows a better understanding of GCSFR functioning beyond its typical role.

The in vitro model of rh-GCSFR in HEY constructed by Brandsetter et al. showed the active participation of the receptor in mediating mitogen-activated pathway (MAP). To demonstrate this, proliferative and differential signals were induced via GCSFR, and a similar signal transduction mechanism was shown in the model. Y646, 744, and 764 sites were important for activating JAK kinases and activating p21Ras/MAP kinases. Upon exogenous GCSF stimulation of HEY cell lines, AP-1-(c-Jun/c-Fos) regulated gene accumulated and upregulated CSF3R expression by 40% (94). Three MAP kinase groups were involved in MAP: p38 kinases, the extracellularly regulated kinases (ERKs), and the c-Jun N-terminal kinases (JNKs) found in stress-activated pathways. Two methods by which these proteins are activated were identified: stress-associated and non-stress-associated pathways. Although these two pathways result in increased proliferation, the stress-associated pathway involves the JNKs and p38 kinases that are activated in response to inflammation. The non-stress-associated pathway involves cytokine activation of ERKs, which can phosphorylate c-jun, an integral component of AP-1 complexes that regulate transcriptional activity (95).

In addition to its proliferative role, the retinal ganglion cell (RGC) axotomy model used by Frank et al., highlights the receptor’s neuroprotective nature in RGCs. Its constitutive expression in RGCs aids in the survival, differentiation, and proliferation of neutrophilic lineage cells. The investigators demonstrated that GCSF-mediated GCSFR expression protected RGCs from degeneration after transection of the optic nerve in a rat model (47). GCSFR-driven activation of RAS/RAF/ERK or PI3K/Akt kinases is understood to inhibit apoptosis through inhibition of caspase and by activating neurotrophins, potentially explaining this protective effect (96).

Regeneration of skeletal and cardiac muscle cells links proliferation of cells to cellular inflammatory response mediated by GCSFR upregulation. Examining rodent embryos using immunostaining, GCSFR expression was demonstrated to be increased at the period when early skeletal myocytes began differentiating and the expression of the receptor was affected by the autocrine GCSF signaling as myoblasts developed (97). A serial histological analysis up to 28 days after injury (inducing stress by injecting cardiotoxin directly into rodent femoral muscle cells) demonstrated the synchronous nature of inflammatory response and upregulation of GCSFR to protect cells and prevent apoptosis. GCSFR expression was observed via immunofluorescence on day 5 after cardiotoxin injection. Day 5 corresponded to the same day the skeletal muscle progenitor cells or satellite cells (SCs) began proliferating, confirming that increased expression of GCSFR coincides with the proliferation period of cells (97). Furthermore, in the isolated myofiber samples of day 5, 94.4% of activated SCs or migrating SCs into the injured site with syndecan-4 (SDC4) activation showed increased expression of GCSFR. This suggests that both activated SCs and inflammatory factors were present at the same time GCSFR expression increased during the first cellular proliferation (98). Upon the activation of GCSFR, the same important signal trafficking proteins seen in myeloid cells like ERK, JNK, p38MAPK, Akt, and STATs were activated. The level of expression of these proteins paralleled with the upregulation level of GCSFR, promoting the proliferation of myoblasts (97). A similar expression pattern of GCSFR was shown in post-myocardial infarction (MI) cardiomyocytes. Additionally, upregulation of the receptor in myocardial infarction cardiomyocytes and cardiac fibroblasts of cultured rodent cardiomyocytes evoked similar protective and anti-apoptotic roles for the damaged cells via the JAK/STAT pathway by producing angiogenic factors (99).

While these findings highlight the cell-protective characteristics of GCSFR signaling in cells, they also implicate the damning concern that GCSFR signaling can inhibit the cellular apoptosis mechanism to encourage cancer cells to grow (96).



Cancer

It is evident that unbridled expression of GCSFR causes unnecessary and possibly dangerous cellular proliferation and differentiation through complex downstream signal transduction. Its ability to induce proliferation pathways led investigators to look closely at GCSFR functioning in human tumor cells to better understand the relationship between upregulated GCSFR and different cancers. Wojtukiewicz et al. reported the detection of high GCSFR expression in 20 out of 28 assessed breast cancer tissue samples. Immunoblotting showed high GCSFR expression on the endothelial cells (ECs) of small blood vessels supplying breast cancers in those 20 samples, suggesting the possibility of GCSFR aiding in the proliferation and migration of ECs by supporting angiogenesis in breast cancers. Furthermore, co-expression of GCSFR with vascular endothelial growth factor (VEGF), VEGF receptor, and tissue factors were found in those samples, highlighting the interplay between the receptors for angiogenesis promotion and in providing mitogenic support for the progression of malignant cells. Similar to breast cancer, higher expression of GCSFR is found in nasopharyngeal, oral cavity, colorectal, gastric, and ovarian cancers, solidifying the relationship between increased levels of GCSFR expression and solid tumors (5, 8, 10, 84).

Many investigators have demonstrated a link between the overexpression of GCSFR and pro-tumor effects in numerous cancers such as neuroblastoma and CRC (3, 51, 99). In the central nervous system, endogenously expressed GCSFR was found to be upregulated in response to external stress-related stimulation such as nerve injuries or hypoxia, a common feature of the tumor microenvironment (100). An in vitro mechanical scratch neuronal injury model showed upregulation of GCSFR in spinal cord capillaries compared to the control sample. The model also highlighted the functioning of nucleophosmin-1 (NPM1), a neuron-specific protein, that was increased alongside GCSFR to reduce apoptosis by inactivating caspase-activated DNase (48). Xenograft and allograft murine models of neuroblastoma showed increased GCSFR expression promoting the proliferation and metastasis of neuroblastoma through GCSF-dependent phosphorylation of STAT3 signaling in CD114+ cells. Agarwel et al. reported a positive feedback loop between GCSFR and STAT3-mediated transcription of CSF3R (3).

Upregulation of GCSFR is also detected in glioma. While GCSF and GCSFR expressions were not detected in the normal brain cortex or primary cultured astrocytes, they were widely expressed in glioma samples (101). This finding suggests that GCSFR expression may facilitate both autocrine and paracrine modes of stimulation and maintenance of glioma. Using a bromodeoxyuridine incorporation assay, the investigators demonstrated a significant increase in proliferating glioma cells with exogenous GCSF treatment. Specifically, bromodeoxyuridine (BrdU)-positive cells were increased by 50% in GCSF-treated groups compared to groups without GCSF treatment (78). Treatment of primary cell cultures derived from glioblastoma patients and the glioma cell lines T98G, U251, and U87 with GCSFR antibody resulted in a significant decrease in the frequency of BrdU-positive cells and colony formation rate by an average of 15% compared to those without treatment (78).

The same behavior can be seen in bladder carcinomas in which tumor cells’ continuous expression of GCSF and GCSFR allowed for a functional autocrine/paracrine signaling loop that promotes the survival and growth of bladder cancer cells. This upregulation bolstered poorly differentiated proliferation as observed in multiple epithelial cancers and was a significant defining factor of the invasiveness of cancer. Higher GCSFR expression was also associated with the presence of lymph node metastasis in gastric cancers. In cultured gastric cancer cells (SGC7901), GCSFR increased proliferating cell nuclear antigen levels and induced cell proliferation. Wound healing assays have confirmed that GCSFR also increases migration in gastric cancer (49). Transfection of TCC-SUP bladder cancer cells that innately lack expression of GCSF and the receptor with full-length GCSFR resulted in a twofold increase in the proliferation rate with a sustained increase of cell survival through abrogation of apoptosis in a GCSF dose-dependent manner (102). Both the GCSFR transfected TCC-SUP and 5637-GR bladder cancer cells had increased survivin, a STAT-regulated gene known to mediate pro-survival functions in cells.

GCSFR is also seen cross-interacting with components within tumor stromal cells to promote tumor migration. In breast and pancreatic cancer cells, cancer-associated fibroblasts (CAFs) are most frequently found in tumor stroma not only promoting tumor progression but also inducing therapeutic resistance (103). CXCL12 signaling, known to upregulate GCSF-induced mobilization, also induces activation of CAFs, resulting in increased breast cancer stem cells (104, 105). While the specific interplay between GCSFR and CAFs remains elusive, this finding suggests a close interaction between the two. Day et al. observed GCSFR interacting with mesenchymal-lineage stromal cells in the bone marrow, CXCL12-abundant reticular cells (CAR), and osteoblasts, decreasing their capacity to support B lymphopoiesis. GCSFR was also associated with CAR expansion and support of osteogenic lineage commitment (106). However, GCSFR suppressed the production of multiple B-cell trophic factors by CAR osteoblasts, along with other cytokine factors like interleukin-6, a pro-inflammatory cytokine, and interleukin-7, hematopoietic growth factor (106).

In addition to increased proliferation of tumor cells, recent findings suggest that GCSFR promotes a microenvironment favorable for solid tumor cells to metastasize via immunomodulation (107, 108). Karagiannidis et al. subcutaneously injected GCSFR−/− mice with the murine colon cancer cell line, MC38, to investigate the role of GCSF signaling. They found that the GCSFR−/− mice had slower tumor growth and hypothesized that this may be due to a lack of GCSF signaling in the immune cells. The authors also noted a decrease in T cell-associated cytokine production in these GCSFR−/− mice. Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR) with RNA extracted from CD4+ T cells isolated from spleens of GCSFR−/− mice showed an increase in interferon-gamma (IFNy), which is associated with antitumor activity, and in interleukin-17 (IL-17A), which can be indicative of T-cell activation. These mice also showed a decrease in interleukin-10 (IL-10) at the mRNA level, which is indicative of regulatory T cells associated with poor anti-tumor response (108). The expression of IFNy and IL-17A, generally considered markers of cytotoxic CD8+ responses and of Th17 helper cells, respectively, were found favorable as compared to the WT, while IL-10 level decreased in the absence of GCSFR. Conversely, GCSF treatment on WT CD4+ cells significantly decreased IL-17A production but increased IL-10 production. These findings suggest that GCSFR directly affects T-cell phenotype and cytokine production in a GCSF-dependent manner. In in vitro studies, GCSFR−/− spleen-derived CD4+ T cells had decreased levels of the gene forkhead box P3 (FoxP3), the transcription factor for T-regulatory cells. This was consistent with an increase of IL-10 and expression level of FoxP3 in WT mice subjected to MC38 tumor injection, as compared to IL-10 and FoxP3 levels in the GCSFR−/− mice (108). Multiplex cytokine analysis of conditioned media from cultures confirmed that IL-10 production was increased in WT mice as compared to cultures using tumor tissues from GCSFR−/− mice. This is consistent with previous studies that reported an IL-10 serum level increase in human patients with progressing CRC (73, 108). These data suggest complicated regulation of GCSFR on the immune system. The pro-tumorigenic role of GCSFR in inhibiting CD4 and CD8 T-cell responses by promoting IL-10 is recognized to play an important role in shaping the tumor microenvironment.



Conclusion

Although GCSF has been widely used in clinics to successfully treat and prevent febrile neutropenia, a complete understanding of the complex results of GCSF signaling remains lacking. This review summarizes the available data regarding GCSFR structure, signaling, and regulation with emphasis on the role played by the receptor in diseases such as cancer. An emerging body of evidence reveals an adverse role played by GCSFR signaling in various cancers. Available evidence also shows that GCSFR activates the JAK/STAT pathway to drive the proliferation of both myeloid and non-myeloid cells. Because of this and the fact that recombinant GCSF is administered to patients with malignancy, there is an urgent need to increase our understanding of the multiple roles played by this pleiotropic cytokine beyond the well-known effects on neutrophil mobilization.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

Research reported in this publication was supported by the National Institutes of General Medical Sciences of the National Institutes of Health under Award Number P20GM103639. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Author disclaimer

The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.



References

1. Azoulay, E, and Delclaux, C. Is there a place for granulocyte colony-stimulating factor in non-neutropenic critically ill patients? Intensive Care Med (2004) 30:10–7. doi: 10.1007/s00134-003-2049-8

2. Bennett, CL, Djulbegovic, B, Norris, LB, and Armitage, JO. Colony-stimulating factors for febrile neutropenia during cancer therapy. N. Engl J Med (2013) 368:1131–9. doi: 10.1056/NEJMct1210890

3. Agarwal, S, Lakoma, A, Chen, Z, Hicks, J, Metelitsa, LS, Kim, ES, et al. G-CSF promotes neuroblastoma tumorigenicity and metastasis via STAT3-dependent cancer stem cell activation. Cancer Res (2015) 75:2566–79. doi: 10.1158/0008-5472.CAN-14-2946

4. Wang, L, Arcasoy, MO, Watowich, SS, and Forget, BG. Cytokine signals through STAT3 promote expression of granulocyte secondary granule proteins in 32D cells. Exp Hematol (2005) 33:308–17. doi: 10.1016/j.exphem.2004.11.014

5. Wojtukiewicz, MZ, Sierko, E, Skalij, P, Kaminska, M, Zimnoch, L, Brekken, RA, et al. Granulocyte-colony stimulating factor receptor, tissue factor, and VEGF-r bound VEGF in human breast cancer in loco. Adv Clin Exp Med (2016) 25:505–11. doi: 10.17219/acem/62398

6. Touw, IP, and Van De Geijn, GJ. Granulocyte colony-stimulating factor and its receptor in normal myeloid cell development, leukemia and related blood cell disorders. Front Biosci (2007) 12:800–15. doi: 10.2741/2103

7. Morris, KT, Castillo, EF, Ray, AL, Weston, LL, Nofchissey, RA, Hanson, JA, et al. Anti-G-CSF treatment induces protective tumor immunity in mouse colon cancer by promoting protective NK cell, macrophage and T cell responses. Oncotarget (2015) 6:22338–47. doi: 10.18632/oncotarget.4169

8. Morris, KT, Khan, H, Ahmad, A, Weston, LL, Nofchissey, RA, Pinchuk, IV, et al. G-CSF and G-CSFR are highly expressed in human gastric and colon cancers and promote carcinoma cell proliferation and migration. Br J Cancer (2014) 110:1211–20. doi: 10.1038/bjc.2013.822

9. Sloand, EM, Yong, AS, Ramkissoon, S, Solomou, E, Bruno, TC, Kim, S, et al. Granulocyte colony-stimulating factor preferentially stimulates proliferation of monosomy 7 cells bearing the isoform IV receptor. Proc Natl Acad Sci United. States America (2006) 103:14483–8. doi: 10.1073/pnas.0605245103

10. Dwivedi, P, and Greis, KD. Granulocyte colony-stimulating factor receptor signaling in severe congenital neutropenia, chronic neutrophilic leukemia, and related malignancies. Exp Hematol (2017) 46:9–20. doi: 10.1016/j.exphem.2016.10.008

11. Shibata, K, Maruyama-Takahashi, K, Yamasaki, M, and Hirayama, N. G-CSF receptor-binding cyclic peptides designed with artificial amino-acid linkers. Biochem Biophys Res Commun (2006) 341:483–8. doi: 10.1016/j.bbrc.2005.12.204

12. Layton, JE, and Hall, NE. The interaction of G-CSF with its receptor. Front Biosci (2006) 11:3181–9. doi: 10.2741/2041

13. Mehta, HM, Futami, M, Glaubach, T, Lee, DW, Andolina, JR, Yang, Q, et al. Alternatively spliced, truncated GCSF receptor promotes leukemogenic properties and sensitivity to JAK inhibition. Leukemia (2014) 28:1041–51. doi: 10.1038/leu.2013.321

14. Dong, F, Pouwels, K, Hoefsloot, LH, Rozemuller, H, Lowenberg, B, and Touw, IP. The c-terminal cytoplasmic region of the granulocyte colony-stimulating factor receptor mediates apoptosis in maturation-incompetent murine myeloid cells. Exp Hematol (1996) 24:214–20. Available at: https://www.exphem.org

15. Ehlers, S, Herbst, C, Zimmermann, M, Scharn, N, Germeshausen, M, Von Neuhoff, N, et al. Granulocyte colony-stimulating factor (G-CSF) treatment of childhood acute myeloid leukemias that overexpress the differentiation-defective G-CSF receptor isoform IV is associated with a higher incidence of relapse. J Clin Oncol (2010) 28:2591–7. doi: 10.1200/JCO.2009.25.9010

16. Billia, F, Barbara, M, Mcewen, J, Trevisan, M, and Iscove, NN. Resolution of pluripotential intermediates in murine hematopoietic differentiation by global complementary DNA amplification from single cells: confirmation of assignments by expression profiling of cytokine receptor transcripts. Blood (2001) 97:2257–68. doi: 10.1182/blood.V97.8.2257

17. Palande, K, Meenhuis, A, Jevdjovic, T, and Touw, IP. Scratching the surface: signaling and routing dynamics of the CSF3 receptor. Front Biosci (Landmark Ed) (2013) 18:91–105. doi: 10.2741/4089

18. Wang, L, Rudert, WA, Loutaev, I, Roginskaya, V, and Corey, SJ. Repression of c-cbl leads to enhanced G-CSF jak-STAT signaling without increased cell proliferation. Oncogene (2002) 21:5346–55. doi: 10.1038/sj.onc.1205670

19. Corey, SJ, Burkhardt, AL, Bolen, JB, Geahlen, RL, Tkatch, LS, and Tweardy, DJ. Granulocyte colony-stimulating factor receptor signaling involves the formation of a three-component complex with Lyn and syk protein-tyrosine kinases. Proc Natl Acad Sci U S A (1994) 91:4683–7. doi: 10.1073/pnas.91.11.4683

20. Marino, VJ, and Roguin, LP. The granulocyte colony stimulating factor (G-CSF) activates Jak/STAT and MAPK pathways in a trophoblastic cell line. J Cell Biochem (2008) 103:1512–23. doi: 10.1002/jcb.21542

21. Fiévez, L, Desmet, C, Henry, E, Pajak, B, Hegenbarth, S, Garzé, V, et al. STAT5 is an ambivalent regulator of neutrophil homeostasis. PLoS One (2007) 2:e727. doi: 10.1371/journal.pone.0000727

22. Kimura, A, Kinjyo, I, Matsumura, Y, Mori, H, Mashima, R, Harada, M, et al. SOCS3 is a physiological negative regulator for granulopoiesis and granulocyte colony-stimulating factor receptor signaling. J Biol Chem (2004) 279:6905–10. doi: 10.1074/jbc.C300496200

23. Van De Geijn, GJ, Gits, J, Aarts, LH, Heijmans-Antonissen, C, and Touw, IP. G-CSF receptor truncations found in SCN/AML relieve SOCS3-controlled inhibition of STAT5 but leave suppression of STAT3 intact. Blood (2004) 104:667–74. doi: 10.1182/blood-2003-08-2913

24. Liu, F, Kunter, G, Krem, MM, Eades, WC, Cain, JA, Tomasson, MH, et al. Csf3r mutations in mice confer a strong clonal HSC advantage via activation of Stat5. J Clin Invest (2008) 118:946–55. doi: 10.1172/JCI32704

25. Tian, SS, Tapley, P, Sincich, C, Stein, RB, Rosen, J, and Lamb, P. Multiple signaling pathways induced by granulocyte colony-stimulating factor involving activation of JAKs, STAT5, and/or STAT3 are required for regulation of three distinct classes of immediate early genes. Blood (1996) 88:4435–44. doi: 10.1182/blood.V88.12.4435.bloodjournal88124435

26. Luttman, JH, Colemon, A, Mayro, B, and Pendergast, AM. Role of the ABL tyrosine kinases in the epithelial-mesenchymal transition and the metastatic cascade. Cell Commun Signal (2021) 19:59. doi: 10.1186/s12964-021-00739-6

27. Wang, J, and Pendergast, AM. The emerging role of ABL kinases in solid tumors. Trends Cancer (2015) 1:110–23. doi: 10.1016/j.trecan.2015.07.004

28. Chakraborty, A, Dyer, KF, and Tweardy, DJ. Delineation and mapping of Stat5 isoforms activated by granulocyte colony-stimulating factor in myeloid cells. Blood Cells Mol. Dis (2000) 26:320–30. doi: 10.1006/bcmd.2000.0309

29. Dong, F, Liu, X, De Koning, JP, Touw, IP, Hennighausen, L, Larner, A, et al. Stimulation of Stat5 by granulocyte colony-stimulating factor (G-CSF) is modulated by two distinct cytoplasmic regions of the G-CSF receptor. J Immunol (1998) 161:6503–9.

30. Avalos, BR, Hunter, MG, Parker, JM, Ceselski, SK, Druker, BJ, Corey, SJ, et al. Point mutations in the conserved box 1 region inactivate the human granulocyte colony-stimulating factor receptor for growth signal transduction and tyrosine phosphorylation of p75c-rel. Blood (1995) 85:3117–26. doi: 10.1182/blood.V85.11.3117.bloodjournal85113117

31. Sampson, M, Zhu, QS, and Corey, SJ. Src kinases in G-CSF receptor signaling. Front Biosci. (2007) 12:1463–74. doi: 10.2741/2160

32. Shao, H, Xu, X, Jing, N, and Tweardy, DJ. Unique structural determinants for Stat3 recruitment and activation by the granulocyte colony-stimulating factor receptor at phosphotyrosine ligands 704 and 744. J Immunol (2006) 176:2933–41. doi: 10.4049/jimmunol.176.5.2933

33. Ward, AC, Oomen, SP, Smith, L, Gits, J, Van Leeuwen, D, Soede-Bobok, AA, et al. The SH2 domain-containing protein tyrosine phosphatase SHP-1 is induced by granulocyte colony-stimulating factor (G-CSF) and modulates signaling from the G-CSF receptor. Leukemia (2000) 14:1284–91. doi: 10.1038/sj.leu.2401822

34. Recio, C, Guerra, B, Guerra-Rodríguez, M, Aranda-Tavío, H, Martín-Rodríguez, P, De Mirecki-Garrido, M, et al. Signal transducer and activator of transcription (STAT)-5: an opportunity for drug development in oncohematology. Oncogene (2019) 38:4657–68. doi: 10.1038/s41388-019-0752-3

35. Gupta, K, Kuznetsova, I, Klimenkova, O, Klimiankou, M, Meyer, J, Moore, MA, et al. Bortezomib inhibits STAT5-dependent degradation of LEF-1, inducing granulocytic differentiation in congenital neutropenia CD34(+) cells. Blood (2014) 123:2550–61. doi: 10.1182/blood-2012-09-456889

36. Skokowa, J, Klimiankou, M, Klimenkova, O, Lan, D, Gupta, K, Hussein, K, et al. Interactions among HCLS1, HAX1 and LEF-1 proteins are essential for G-CSF-triggered granulopoiesis. Nat Med (2012) 18:1550–9. doi: 10.1038/nm.2958

37. Wu, CJ, Sundararajan, V, Sheu, BC, Huang, RY, and Wei, LH. Activation of STAT3 and STAT5 signaling in epithelial ovarian cancer progression: Mechanism and therapeutic opportunity. Cancers (Basel) (2019) 12:2–15. doi: 10.3390/cancers12010024

38. Rah, B, Rather, RA, Bhat, GR, Baba, AB, Mushtaq, I, Farooq, M, et al. JAK/STAT signaling: Molecular targets, therapeutic opportunities, and limitations of targeted inhibitions in solid malignancies. Front Pharmacol (2022) 13:821344. doi: 10.3389/fphar.2022.821344

39. Wolfler, A, Irandoust, M, Meenhuis, A, Gits, J, Roovers, O, and Touw, IP. Site-specific ubiquitination determines lysosomal sorting and signal attenuation of the granulocyte colony-stimulating factor receptor. Traffic (2009) 10:1168–79. doi: 10.1111/j.1600-0854.2009.00928.x

40. Babon, JJ, and Nicola, NA. The biology and mechanism of action of suppressor of cytokine signaling 3. Growth Factors. (2012) 30:207–19. doi: 10.3109/08977194.2012.687375

41. Zhang, Y, Zhou, X, Liu, P, Chen, X, Zhang, J, Zhang, H, et al. GCSF deficiency attenuates non-alcoholic fatty liver disease through regulating GCSFR-SOCS3-JAK-STAT3 pathway and immune cells infiltration. Am J Physiol Gastrointest. Liver. Physiol (2021) 20:20. doi: 10.1152/ajpgi.00342.2020

42. Piscaglia, AC, Shupe, TD, Oh, SH, Gasbarrini, A, and Petersen, BE. Granulocyte-colony stimulating factor promotes liver repair and induces oval cell migration and proliferation in rats. Gastroenterology (2007) 133:619–31. doi: 10.1053/j.gastro.2007.05.018

43. Otani, K, Niwa, Y, Suzuki, T, Sato, N, Sasazawa, Y, Dohmae, N, et al. Regulation of granulocyte colony-stimulating factor receptor-mediated granulocytic differentiation by c-mannosylation. Biochem Biophys Res Commun (2018) 498:466–72. doi: 10.1016/j.bbrc.2018.02.210

44. Liongue, C, Hall, CJ, O'connell, BA, Crosier, P, and Ward, AC. Zebrafish granulocyte colony-stimulating factor receptor signaling promotes myelopoiesis and myeloid cell migration. Blood (2009) 113:2535–46. doi: 10.1182/blood-2008-07-171967

45. Bocchietto, E, Guglielmetti, A, Silvagno, F, Taraboletti, G, Pescarmona, GP, Mantovani, A, et al. Proliferative and migratory responses of murine microvascular endothelial cells to granulocyte-colony-stimulating factor. J Cell Physiol (1993) 155:89–95. doi: 10.1002/jcp.1041550112

46. Harada, M, Qin, Y, Takano, H, Minamino, T, Zou, Y, Toko, H, et al. G-CSF prevents cardiac remodeling after myocardial infarction by activating the jak-stat pathway in cardiomyocytes. Nat Med (2005) 11:305–11. doi: 10.1038/nm1199

47. Frank, T, Schlachetzki, JC, Goricke, B, Meuer, K, Rohde, G, Dietz, GP, et al. Both systemic and local application of granulocyte-colony stimulating factor (G-CSF) is neuroprotective after retinal ganglion cell axotomy. BMC Neurosci (2009) 10:49. doi: 10.1186/1471-2202-10-49

48. Guo, Y, Liu, S, Wang, P, Zhang, H, Wang, F, Bing, L, et al. Granulocyte colony-stimulating factor improves neuron survival in experimental spinal cord injury by regulating nucleophosmin-1 expression. J Neurosci Res (2014) 92:751–60. doi: 10.1002/jnr.23362

49. Fan, Z, Li, Y, Zhao, Q, Fan, L, Tan, B, Zuo, J, et al. Highly expressed granulocyte colony-stimulating factor (G-CSF) and granulocyte colony-stimulating factor receptor (G-CSFR) in human gastric cancer leads to poor survival. Med Sci Monit. (2018) 24:1701–11. doi: 10.12659/MSM.909128

50. Karagiannidis, I, Salataj, E, Said Abu Egal, E, and Beswick, EJ. G-CSF in tumors: Aggressiveness, tumor microenvironment and immune cell regulation. Cytokine (2021) 142:155479. doi: 10.1016/j.cyto.2021.155479

51. Liu, L, Liu, Y, Yan, X, Zhou, C, and Xiong, X. The role of granulocyte colony-stimulating factor in breast cancer development: A review. Mol Med Rep (2020) 21:2019–29. doi: 10.3892/mmr.2020.11017

52. Klemm, SL, Shipony, Z, and Greenleaf, WJ. Chromatin accessibility and the regulatory epigenome. Nat Rev Genet (2019) 20:207–20. doi: 10.1038/s41576-018-0089-8

53. Felgner, J, Heidorn, K, Korbacher, D, Frahm, SO, and Parwaresch, R. Cell lineage specificity in G-CSF receptor gene methylation. Leukemia (1999) 13:530–4. doi: 10.1038/sj.leu.2401386

54. Rascle, A, and Lees, E. Chromatin acetylation and remodeling at the cis promoter during STAT5-induced transcription. Nucleic Acids Res (2003) 31:6882–90. doi: 10.1093/nar/gkg907

55. Witzel, M, Petersheim, D, Fan, Y, Bahrami, E, Racek, T, Rohlfs, M, et al. Chromatin-remodeling factor SMARCD2 regulates transcriptional networks controlling differentiation of neutrophil granulocytes. Nat Genet (2017) 49:742–52. doi: 10.1038/ng.3833

56. Ramji, DP, and Foka, P. CCAAT/enhancer-binding proteins: structure, function and regulation. Biochem J (2002) 365:561–75. doi: 10.1042/bj20020508

57. Yamanaka, R, Kim, GD, Radomska, HS, Lekstrom-Himes, J, Smith, LT, Antonson, P, et al. CCAAT/enhancer binding protein epsilon is preferentially up-regulated during granulocytic differentiation and its functional versatility is determined by alternative use of promoters and differential splicing. Proc Natl Acad Sci United. States America (1997) 94:6462–7. doi: 10.1073/pnas.94.12.6462

58. Cooper, S, Guo, H, and Friedman, AD. The +37 kb cebpa enhancer is critical for cebpa myeloid gene expression and contains functional sites that bind SCL, GATA2, C/EBPα, PU.1, and additional ets factors. PLoS One (2015) 10:e0126385. doi: 10.1371/journal.pone.0126385

59. Ma, O, Hong, S, Guo, H, Ghiaur, G, and Friedman, AD. Granulopoiesis requires increased C/EBPα compared to monopoiesis, correlated with elevated cebpa in immature G-CSF receptor versus m-CSF receptor expressing cells. PLoS One (2014) 9:e95784. doi: 10.1371/journal.pone.0095784

60. Collins, SJ, Ulmer, J, Purton, LE, and Darlington, G. Multipotent hematopoietic cell lines derived from C/EBPalpha(-/-) knockout mice display granulocyte macrophage-colony-stimulating factor, granulocyte- colony-stimulating factor, and retinoic acid-induced granulocytic differentiation. Blood (2001) 98:2382–8. doi: 10.1182/blood.V98.8.2382

61. Behre, G, Singh, SM, Liu, H, Bortolin, LT, Christopeit, M, Radomska, HS, et al. Ras signaling enhances the activity of C/EBP alpha to induce granulocytic differentiation by phosphorylation of serine 248. J Biol Chem (2002) 277:26293–9. doi: 10.1074/jbc.M202301200

62. Burda, P, Laslo, P, and Stopka, T. The role of PU.1 and GATA-1 transcription factors during normal and leukemogenic hematopoiesis. Leukemia (2010) 24:1249–57. doi: 10.1038/leu.2010.104

63. Curik, N, Burda, P, Vargova, K, Pospisil, V, Belickova, M, Vlckova, P, et al. 5-azacitidine in aggressive myelodysplastic syndromes regulates chromatin structure at PU.1 gene and cell differentiation capacity. Leukemia (2012) 26:1804–11. doi: 10.1038/leu.2012.47

64. Mendoza, H, Podoltsev, NA, and Siddon, AJ. Laboratory evaluation and prognostication among adults and children with CEBPA-mutant acute myeloid leukemia. Int J Lab Hematol (2021) 43 Suppl 1:86–95. doi: 10.1111/ijlh.13517

65. Hohaus, S, Petrovick, MS, Voso, MT, Sun, Z, Zhang, DE, and Tenen, DG. PU.1 (Spi-1) and C/EBP alpha regulate expression of the granulocyte-macrophage colony-stimulating factor receptor alpha gene. Mol Cell Biol (1995) 15:5830–45. doi: 10.1128/MCB.15.10.5830

66. Smith, LT, Hohaus, S, Gonzalez, DA, Dziennis, SE, and Tenen, DG. PU.1 (Spi-1) and C/EBP alpha regulate the granulocyte colony-stimulating factor receptor promoter in myeloid cells. Blood (1996) 88:1234–47. doi: 10.1182/blood.V88.4.1234.bloodjournal8841234

67. Cary, LH, Noutai, D, Salber, RE, Williams, MS, Ngudiankama, BF, and Whitnall, MH. Interactions between endothelial cells and T cells modulate responses to mixed neutron/gamma radiation. Radiat Res (2014) 181:592–604. doi: 10.1667/RR13550.1

68. Gombart, AF, Grewal, J, and Koeffler, HP. ATF4 differentially regulates transcriptional activation of myeloid-specific genes by C/EBPepsilon and C/EBPalpha. J Leukocyte. Biol (2007) 81:1535–47. doi: 10.1189/jlb.0806516

69. Zhang, H, Goudeva, L, Immenschuh, S, Schambach, A, Skokowa, J, Eiz-Vesper, B, et al. miR-155 is associated with the leukemogenic potential of the class IV granulocyte colony-stimulating factor receptor in CD34+ progenitor cells. Mol Med (2015) 20:736–46. doi: 10.2119/molmed.2014.00146

70. Itkin, T, Kumari, A, Schneider, E, Gur-Cohen, S, Ludwig, C, Brooks, R, et al. MicroRNA-155 promotes G-CSF-induced mobilization of murine hematopoietic stem and progenitor cells via propagation of CXCL12 signaling. Leukemia (2017) 31:1247–50. doi: 10.1038/leu.2017.50

71. Zhang, X, Xiao, M, Huaying, A, Changqing, X, Wenjo, C, Wei, Y, et al. Upregulation of microRNA - 125b by G-CSF promotes metastasis in colorectal cancer. Oncotarget (2017) 8(31):50642–50654. doi: 10.18632/oncotarget.16892

72. Baffa, R, Fassan, M, Volinia, S, O'hara, B, Liu, CG, Palazzo, JP, et al. MicroRNA expression profiling of human metastatic cancers identifies cancer gene targets. J Pathol (2009) 219:214–21. doi: 10.1002/path.2586

73. Gong, J, Zhang, JP, Li, B, Zeng, C, You, K, Chen, MX, et al. MicroRNA-125b promotes apoptosis by regulating the expression of mcl-1, bcl-w and IL-6R. Oncogene (2013) 32:3071–9. doi: 10.1038/onc.2012.318

74. Aarts, LH, Roovers, O, Ward, AC, and Touw, IP. Receptor activation and 2 distinct COOH-terminal motifs control G-CSF receptor distribution and internalization kinetics. Blood (2004) 103:571–9. doi: 10.1182/blood-2003-07-2250

75. Dietrich, J, Hou, X, Wegener, AM, and Geisler, C. CD3 gamma contains a phosphoserine-dependent di-leucine motif involved in down-regulation of the T cell receptor. EMBO J (1994) 13:2156–66. doi: 10.1002/j.1460-2075.1994.tb06492.x

76. Frey, L, Zietara, N, Lyszkiewicz, M, Marquardt, B, Mizoguchi, Y, Linder, MI, et al. Mammalian VPS45 orchestrates trafficking through the endosomal system. Blood (2020) 21:21. doi: 10.1182/blood.2020006871

77. Stepensky, P, Saada, A, Cowan, M, Tabib, A, Fischer, U, Berkun, Y, et al. The Thr224Asn mutation in the VPS45 gene is associated with the congenital neutropenia and primary myelofibrosis of infancy. Blood (2013) 121:5078–87. doi: 10.1182/blood-2012-12-475566

78. Wang, J, Yao, L, Zhao, S, Zhang, X, Yin, J, Zhang, Y, et al. Granulocyte-colony stimulating factor promotes proliferation, migration and invasion in glioma cells. Cancer Biol Ther (2012) 13:389–400. doi: 10.4161/cbt.19237

79. Ai, J, Druhan, LJ, Loveland, MJ, and Avalos, BR. G-CSFR ubiquitination critically regulates myeloid cell survival and proliferation. PLoS One (2008) 3:e3422. doi: 10.1371/journal.pone.0003422

80. Metcalf, D. The colony-stimulating factors and cancer. Nat Rev Cancer (2010) 10:425–34. doi: 10.1038/nrc2843

81. Skokowa, J, Germeshausen, M, Zeidler, C, and Welte, K. Severe congenital neutropenia: inheritance and pathophysiology. Curr Opin Hematol (2007) 14:22–8. doi: 10.1097/00062752-200701000-00006

82. Price, A, Druhan, LJ, Lance, A, Clark, G, Vestal, CG, Zhang, Q, et al. T618I CSF3R mutations in chronic neutrophilic leukemia induce oncogenic signals through aberrant trafficking and constitutive phosphorylation of the O-glycosylated receptor form. Biochem Biophys Res Commun (2020) 523:208–13. doi: 10.1016/j.bbrc.2019.12.030

83. Kindwall-Keller, TL, Druhan, LJ, Ai, J, Hunter, MG, Massullo, P, Loveland, M, et al. Role of the proteasome in modulating native G-CSFR expression. Cytokine (2008) 43:114–23. doi: 10.1016/j.cyto.2008.04.015

84. Beekman, R, Valkhof, MG, Sanders, MA, Van Strien, PM, Haanstra, JR, Broeders, L, et al. Sequential gain of mutations in severe congenital neutropenia progressing to acute myeloid leukemia. Blood (2012) 119:5071–7. doi: 10.1182/blood-2012-01-406116

85. Maxson, JE, Luty, SB, Macmaniman, JD, Abel, ML, Druker, BJ, and Tyner, JW. Ligand independence of the T618I mutation in the colony-stimulating factor 3 receptor (CSF3R) protein results from loss of O-linked glycosylation and increased receptor dimerization. J Biol Chem (2014) 289:5820–7. doi: 10.1074/jbc.M113.508440

86. Mehta, HM, Glaubach, T, Long, A, Lu, H, Przychodzen, B, Makishima, H, et al. Granulocyte colony-stimulating factor receptor T595I (T618I) mutation confers ligand independence and enhanced signaling. Leukemia (2013) 27:2407–10. doi: 10.1038/leu.2013.164

87. Irandoust, MI, Aarts, LH, Roovers, O, Gits, J, Erkeland, SJ, and Touw, IP. Suppressor of cytokine signaling 3 controls lysosomal routing of G-CSF receptor. EMBO J (2007) 26:1782–93. doi: 10.1038/sj.emboj.7601640

88. Chhabra, S, Kumar, Y, Thacker, G, Kapoor, I, Lochab, S, Sanyal, S, et al. E6AP inhibits G-CSFR turnover and functions by promoting its ubiquitin-dependent proteasome degradation. Biochim Biophys Acta - Mol Cell Res (2017) 1864:1545–53. doi: 10.1016/j.bbamcr.2017.05.026

89. Chen, G, Wang, T, Uttarwar, L, Vankrieken, R, Li, R, Chen, X, et al. SREBP-1 is a novel mediator of TGFβ1 signaling in mesangial cells. J Mol Cell Biol (2014) 6:516–30. doi: 10.1093/jmcb/mju041

90. Chakraborty, A, White, SM, and Lerner, SP. Granulocyte colony-stimulating factor receptor signals for beta1-integrin expression and adhesion in bladder cancer. Urology (2004) 63:177–83. doi: 10.1016/S0090-4295(03)00786-6

91. Chen, C, Huang, X, Atakilit, A, Zhu, QS, Corey, SJ, and Sheppard, D. The integrin alpha9beta1 contributes to granulopoiesis by enhancing granulocyte colony-stimulating factor receptor signaling. Immunity (2006) 25:895–906. doi: 10.1016/j.immuni.2006.10.013

92. Pal, P, Lochab, S, Kanaujiya, JK, Kapoor, I, Sanyal, S, Behre, G, et al. E6AP, an E3 ubiquitin ligase negatively regulates granulopoiesis by targeting transcription factor C/EBPα for ubiquitin-mediated proteasome degradation. Cell Death Dis (2013) 4:e590. doi: 10.1038/cddis.2013.120

93. Li, J, Zou, Y, Ge, J, Zhang, D, Guan, A, Wu, J, et al. The effects of G-CSF on proliferation of mouse myocardial microvascular endothelial cells. Int J Mol Sci (2011) 12:1306–15. doi: 10.3390/ijms12021306

94. Katzenback, BA, and Belosevic, M. Characterization of granulocyte colony stimulating factor receptor of the goldfish (Carassius auratus l.). Dev Comp Immunol (2012) 36:199–207. doi: 10.1016/j.dci.2011.07.005

95. Kamezaki, K, Shimoda, K, Numata, A, Haro, T, Kakumitsu, H, Yoshie, M, et al. Roles of Stat3 and ERK in G-CSF signaling. Stem Cells (2005) 23:252–63. doi: 10.1634/stemcells.2004-0173a

96. Van Raam, BJ, Drewniak, A, Groenewold, V, Van Den Berg, TK, and Kuijpers, TW. Granulocyte colony-stimulating factor delays neutrophil apoptosis by inhibition of calpains upstream of caspase-3. Blood (2008) 112:2046–54. doi: 10.1182/blood-2008-04-149575

97. Hara, M, Yuasa, S, Shimoji, K, Onizuka, T, Hayashiji, N, Ohno, Y, et al. G-CSF influences mouse skeletal muscle development and regeneration by stimulating myoblast proliferation. J Exp Med (2011) 208:715–27. doi: 10.1084/jem.20101059

98. Hayashiji, N, Yuasa, S, Miyagoe-Suzuki, Y, Hara, M, Ito, N, Hashimoto, H, et al. G-CSF supports long-term muscle regeneration in mouse models of muscular dystrophy. Nat Commun (2015) 6:6745. doi: 10.1038/ncomms7745

99. Kohlstedt, K, Trouvain, C, Fromel, T, Mudersbach, T, Henschler, R, and Fleming, I. Role of the angiotensin-converting enzyme in the G-CSF-induced mobilization of progenitor cells. Basic. Res Cardiol (2018) 113:18. doi: 10.1007/s00395-018-0677-y

100. Kirsch, F, Kruger, C, and Schneider, A. The receptor for granulocyte-colony stimulating factor (G-CSF) is expressed in radial glia during development of the nervous system. BMC Dev Biol (2008) 8:32. doi: 10.1186/1471-213X-8-32

101. Kast, RE, Hill, QA, Wion, D, Mellstedt, H, Focosi, D, Karpel-Massler, G, et al. Glioblastoma-synthesized G-CSF and GM-CSF contribute to growth and immunosuppression: Potential therapeutic benefit from dapsone, fenofibrate, and ribavirin. Tumour. Biol (2017) 39:1010428317699797. doi: 10.1177/1010428317699797

102. Chakraborty, A, and Guha, S. Granulocyte colony-stimulating factor/granulocyte colony-stimulating factor receptor biological axis promotes survival and growth of bladder cancer cells. Urology (2007) 69:1210–5. doi: 10.1016/j.urology.2007.02.035

103. Mao, Y, Keller, ET, Garfield, DH, Shen, K, and Wang, J. Stromal cells in tumor microenvironment and breast cancer. Cancer Metastasis. Rev (2013) 32:303–15. doi: 10.1007/s10555-012-9415-3

104. Bendall, LJ, and Bradstock, KF. G-CSF: From granulopoietic stimulant to bone marrow stem cell mobilizing agent. Cytokine Growth Factor. Rev (2014) 25:355–67. doi: 10.1016/j.cytogfr.2014.07.011

105. Christopher, MJ, Rao, M, Liu, F, Woloszynek, JR, and Link, DC. Expression of the G-CSF receptor in monocytic cells is sufficient to mediate hematopoietic progenitor mobilization by G-CSF in mice. J Exp Med (2011) 208:251–60. doi: 10.1084/jem.20101700

106. Day, RB, Bhattacharya, D, Nagasawa, T, and Link, DC. Granulocyte colony-stimulating factor reprograms bone marrow stromal cells to actively suppress b lymphopoiesis in mice. Blood (2015) 125:3114–7. doi: 10.1182/blood-2015-02-629444

107. Martins, A, Han, J, and Kim, SO. The multifaceted effects of granulocyte colony-stimulating factor in immunomodulation and potential roles in intestinal immune homeostasis. IUBMB Life (2010) 62:611–7. doi: 10.1002/iub.361

108. Karagiannidis, I, Jerman, SJ, Jacenik, D, Phinney, BB, Yao, R, Prossnitz, ER, et al. G-CSF and G-CSFR modulate CD4 and CD8 T cell responses to promote colon tumor growth and are potential therapeutic targets. Front Immunol (2020) 11:1885. doi: 10.3389/fimmu.2020.01885



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Park, Saunders, Reidy, Bender, Clifton and Morris. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-932608-g006.jpg
Receptor recycled

Ubiquitination for
Degradation
Phosphorylation
for Recycle

Deubiquitination
via Ubiquitinase
Dephosphorylation
via Phosphorylase

Late endosome

formation
(continuation of
degradation path) Degraded in Lysosome






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A review of granulocyte colony-stimulating factor receptor signaling and regulation with implications for cancer

      

        		

          Introduction

        



        		

          Structure

        

          		

            Isoforms

          



        



        



        		

          Signal transduction

        

          		

            Signal modulation

          



        



        



        		

          Regulation of granulocyte colony-stimulating factor receptor expression

        

          		

            Regulators of transcription

          



          		

            Translational regulation

          



        



        



        		

          Trafficking and post-translational modifications

        

          		

            Localization

          



          		

            Recycling

          



          		

            Degradation

          



        



        



        		

          Protein interactions

        



        		

          Receptor expression and response to granulocyte colony-stimulating factor in non-myeloid cells

        



        		

          Cancer

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Author disclaimer

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2022.932608_cover.jpg
, frontiers ‘ Frontiers in Oncology

A review of granulocyte colony-
stimulating factor receptor
signaling and regulation with
implications for cancer





OEBPS/Images/fonc-12-932608-g005.jpg
GCSF

GCSFR

sp1

Pu.1 >/EBPa \ I
T GCSFR
AZANYZANVI NI NI NV NI ,\VZ ,\VZ N

T Target cell

Nucleus proliferation






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-932608-g003.jpg
STAT3 Activation: Low GCSF Concentration

@ GCSFR dimerization

@ JAK phosphorylates
tyrosine residues
Tyrosine
residue
Inactive
STATSs recruitment STAT proteins
& JAK-mediated
phosphorylation
Dimerization
of STATs

Active

N\

STAT-binding GCSF-

sequences in responsive
promoter gene

STAT3 Activation: High GCSF Concentration
(Phosphorylation independent)

. -\v @ GCSFR dimerization

JAK phosphorylates
tyrosine residues

STATSs recruitment
and phosphorylation

independently of
JAK
) L, Dimerization
it of STATs
Inactive .
STAT proteins Active

(/NN
STAT-binding GCSF-
sequences in responsive
promoter gene





OEBPS/Images/fonc-12-932608-g001.jpg
Ig-like
domain

Cystine residues

CRH
domain

WSXWS

FNII
domain

Extracellular

Plasma membrane Transmembrane

Intracellualr
Juxtamembrane region

ATP-binding domain
Kinase insert

Major kinase domain

Carboxyl terminus





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-932608-g004.jpg
Conserved
cysteines

Conserved
cysteines

WSXWS WSXWS

Jak KIR

SOCS direct
inhibition via

n SOCS inhibition via

ubiquitination of
K632

blocking active site
of JAK

—— Lysine residue at 632
(K632)

BOX domain of SOCS

Killer-cell
immunoglobulin-like
receptor domain of SOCS






OEBPS/Images/fonc-12-932608-g002.jpg
Mitogenic behaviors/
anti-apoptosis

GCSF

STAT3

r Proliferation
Jun

ONONONONONONONONONONON0

'-E
19)





