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Aging is associated with various hematological disorders and a higher risk of myeloproliferative disorders. An aged hematopoietic system can be characterized by decreased immune function and increased myeloid cell production. Hematopoietic stem cells (HSCs) regulate the production of blood cells throughout life. The self-renewal and regenerative potential of HSCs determine the quality and quantity of the peripheral blood cells. External signals from the microenvironment under different conditions determine the fate of the HSCs to proliferate, self-renew, differentiate, or remain quiescent. HSCs respond impromptu to a vast array of extracellular signaling cascades such as cytokines, growth factors, or nutrients, which are crucial in the regulation of HSCs. Early growth response factor 1 (EGR1) is one of the key transcription factors controlling HSC proliferation and their localization in the bone marrow (BM) niche. Downregulation of Egr1 activates and recruits HSCs for their proliferation and differentiation to produce mature blood cells. Increased expression of Egr1 is implicated in immuno-aging of HSCs. However, dysregulation of Egr1 is associated with hematological malignancies such as acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), and chronic myelogenous leukemia (CML). Here, we summarize the current understanding of the role of EGR1 in the regulation of HSC functionality and the manifestation of leukemia. We also discuss the alternative strategies to rejuvenate the aged HSCs by targeting EGR1 in different settings.
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INTRODUCTION
Hematopoietic stem cells (HSCs) maintain the peripheral blood pool by regulating the delicate balance between self-renewal, proliferation, and differentiation. Quiescent—long-term HSCs reside at the apex position of the differentiation pyramid, thus holding prime importance in the development of the entire hematopoietic system. These cells give rise to the activated—short-term HSCs which have higher proliferative and differentiation capability. Further, the short-term activated HSCs form the multipotent as well as the lineage-committed progenitor cells that eventually differentiate into various types of functional and mature blood cells (Orkin and Zon, 2008).
HSCs respond to various intrinsic and extrinsic signals and regulate their fate decisions accordingly (Ross and Li, 2006; Zon, 2008). Aging brings about drastic changes in the HSC microenvironment (Latchney and Calvi, 2017; Comazzetto et al., 2021), thereby altering the normal BM niche - HSC inter-communication and affecting the HSC functionality. Moreover, the aged stem cells may lose their ability to sense nutrients and respond to microenvironmental stimuli (López-Otín et al., 2013).
Extrinsic stimuli largely govern the cellular responses and determine cell fate. The quest to understand the immediate effector molecules responding to a wide array of mitogens led to the discovery of a zinc finger transcription factor- early growth response factor 1 (EGR1) (Sukhatme et al., 1987). Egr1 expression is induced during cell growth, differentiation, and cellular depolarization in a similar manner as governed by c-myc and c-fos and it is co-regulated with c-fos (Sukhatme et al., 1988; Tsai-Morris et al., 1988; Seyfert et al., 1990). The potential targets of EGR1 are tumor necrosis factors (TNFs), interleukin 2 (IL-2), CD44, and Intercellular adhesion molecule 1 (ICAM-1) (McMahon and Monroe, 1996). EGR1 regulates the transcription of more than 30 genes involved in growth, development, and differentiation. It has been also reported to have a transformation suppression activity. The EGR1 molecule has three zinc finger motifs at the C-terminal end, which confer the ability to bind DNA and various promotors having GC rich elements GCEs, (Liu et al., 1996). Thus, EGR1 regulates the expression of various growth factors upon immediate induction by the mitogenic stimulus. Similarly, EGR1 is also reported to have TGF-ß mediated growth and transformation suppression activity (Liu et al., 1996). As EGR1 is prominently involved in establishing early cell proliferative responses to the extrinsic signaling molecules, understanding its role in the regulation of HSCs and hematopoietic disorders becomes essential.
EGR1 IN HEMATOPOIESIS
Earlier studies with the interleukin 3 (IL-3) dependent hematopoietic precursor 32Dcl3 cells, showed that the ectopic overexpression of Egr1 in them blocked the granulocyte differentiation despite the presence of granulocyte colony-stimulating factor (G-CSF). These cells initiate their terminal differentiation solely into macrophage lineage in presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) (Krishnaraju et al., 1995). Further, the same group studied the effect of overexpression of Egr1 in stem cell-enriched bone marrow (BM) cells and myeloid enriched BM cells. The study confirmed the shift in the differentiation pattern of stem cell-enriched BM cells from granulocyte or erythroid lineage towards the macrophage lineage upon enhanced EGR1 activity. Moreover, even the myeloid enriched BM cells population in the study differentiated toward macrophage lineage despite the presence of erythropoietin (EPO) and IL-3 (Krishnaraju et al., 2001). Hematopoietic progenitors overexpressing Egr1 failed to establish the BM engraftment upon transplantation in lethally irradiated mice. This resulted in reduced survival of the recipients due to excessive differentiation towards the macrophage lineage (Krishnaraju et al., 2001). The antisense oligomers targeting Egr1 RNA block the macrophage differentiation while its constitutive expression specifically induced macrophage differentiation in myeloblastic cell lines. Thus, the Egr1 gene was identified to positively regulate myeloid differentiation. (Nguyen et al., 1993).
Mice with disrupted Egr1 alleles show no prominent differences in macrophage differentiation or various macrophage compartments when compared with the wild-type mice. Under normal culture conditions, the BM cells from these mice have similar differentiation responses to various cytokines required for inducing myeloid differentiation, such as macrophage colony-stimulating factor (M-CSF), GM-CSF, or G-CSF. The Egr1−/− macrophages demonstrate unaltered activation potential and have a comparable expression of major histocompatibility complex molecules class-II (MHC class-II). These mice have normal pathogen responses with a comparable life span to that of wild-type mice (Lee et al., 1996). This evidence suggests that Egr1 expression can induce a differentiation bias towards the macrophage lineage, but it is dispensable for normal hematopoiesis and differentiation. It advocates the compensatory effect of structurally similar Egr family members such as Egr2, Egr3, and Egr4 in absence of Egr1 (Beckmann and Wilce, 1997; Tourtellote et al., 2000). Egr1 and Egr2 are redundant in promoting macrophage differentiation and neutrophil repression. However, simultaneous loss of both, Egr1 and Egr2 is embryonically lethal. Interestingly, Egr1−/− Egr2−/+ compound mutant mice are viable but show reduced weight and size. Egr1−/− Egr2−/+ compound mutant mice also show a reduced number of BM HSCs along with a reduced number of functionalities of macrophage progenitors evident from the decreased size of colony-forming units- macrophage (CFU-M) in methylcellulose assay. Their differentiation into macrophages upon GM-CSF or M-CSF stimulation is also reduced, which underscores the role of Egr1 and Egr2 in the lineage commitment of progenitor cells. EGR1 and EGR2 do so by counteracting with the neutrophil priming regulator, GIF-1, and positive regulation of macrophage-specific gene expression (Laslo et al., 2006).
In B-lymphocytes, EGR1 is known to regulate the expression of the homing and migration molecule- CD44. Increased Cd44 expression seen after increased nuclear Egr1 transcription is a result of binding of newly synthesized EGR to the Cd44 promotor ∼300 bps before the transcription start point (Maltzman et al., 1996). Similarly, overexpression of Egr1 in murine B-cell line K46 leads to an increase in Cd44 expression and downregulation of Fas/Apo-1 and Cd23 molecules which reduce the apoptosis mediated cell death (Dinkel et al., 1997). Studies with transgenic mice overexpressing Egr1 confirm that the EGR1 promotes B and T cells maturation as evident by an increase in the number of mature cells and a concomitant decrease in cells at the immature stage (Miyazaki, 1997; Dinkel et al., 1998). Further findings in Egr1−/− mice validate that Egr1 is dispensable for B cell maturation. However, RGR1 is important for the differentiation of B cells into plasma cells (Oh et al., 2015). The role of Egr1 and Egr2 expression is implicated in NKT cell differentiation in response to T cell receptor (TCR) signaling (Seiler et al., 2012). Enforced expression of Egr1 also increases the megakaryocyte differentiation evident by increased expression of megakaryocyte marker CD41a on K562 cells (Cheng et al., 1994). Thus, EGR1 is well established as the regulator of hematopoietic cell differentiation and maturation.
EGR1 IN AGING HEMATOPOIETIC STEM CELLS
Aging, in general, is characterized by the progressive loss in functionality of various vital organs, tissues, and cells. This cellular and molecular deterioration at the functional level ultimately results in increased vulnerability to death. Stem cell exhaustion increased cellular senescence and altered intercellular communication are the major hallmarks of aging (López-Otín et al., 2013). Aging alters immune system compositions and impairs lymphopoiesis (Linton and Dorshkind, 2004). The altered differentiation capacity of the aged HSCs increases myeloid cell frequencies and decreases lymphoid cell frequencies in the peripheral blood (Geiger and Van Zant, 2002). The frequency of myeloid biased HSCs also increases during aging (Gekas and Graf, 2013). Aged HSCs demonstrate increased quiescence (Beerman et al., 2014), and delayed cell cycle progression (Noda et al., 2009), with an increase in the senescent cell population (Chen, 2004). Quiescent aged HSCs are capable of repairing their accumulated DNA damage upon re-entry into the cell cycle (Beerman et al., 2014). Aging-related changes in HSCs are the implications of intrinsic dysregulations (Mejia-Ramirez, and Florian, 2020) as well as the contributions of an altered HSC microenvironment (Kulkarni et al., 2018; Ho and Méndez-Ferrer, 2020; Kulkarni and Kale, 2020). As these mechanisms have a proven relation to Egr1 expression, it is of utmost interest to explore its link with HSC aging.
Overexpression of Egr1 in Caenorhabditis elegans promotes longevity and improves stress resistance to heat and ultraviolet light. EGR1 modulates the insulin signaling cascade and eventually increases the lifespan. While decreased EGR1 signaling in C. elegans results in the reduced lifespan of these worms. The same study reports that the expression of Egr1 increases with age and protects the organism from aging-related dysfunctions (Zimmerman and Kim, 2014). Another study shows that the deletion of the Egr1 results in a striking phenotype with complete bypass of senescence and induced immortal cell growth ability with a concomitant decrease in p53 and p21Cip1/Waf1 signaling (Krones-Herzig et al., 2003). This highlights the role of Egr1 in the regulation of senescence and cell death. EGR1 is also a well-known regulator of aging-related genes (Baron et al., 2005) such as transforming growth factor β1 (Tgf- β1) (Valletta et al., 2020), phosphatase and tensin homolog (Pten) (Chen et al., 2009), p53 (Dumble et al., 2007). A detailed study with the Egr1−/− mice model validates the significance of EGR1 in HSC proliferation and the HSCs localization in the BM niche. Egr1−/− mice show a significant increase in HSC cycling with about a two-fold increase in the HSC percentages present in the S-G2-M phase. These HSCs also exhibit significant downregulation of p21Cip1/Waf1 expression along with an increase in Cdk4 expression in them. Loss of Egr1 does not alter the long-term reconstitution potential of the HSCs but results in premature exhaustion of stem cells due to the high proliferation rate upon serial transplantation. G-CSF-induced mobilization of HSCs also downregulates Egr1 expression, signifying its role in HSC localization under a steady state. On the other hand, Egr1−/− mice demonstrate spontaneous mobilization of HSCs from the BM, confirming the importance of EGR1 in HSC localization (Min et al., 2008).
Recently, Desterke et al. analyzed the single-cell transcriptomics of the aged human HSCs. They found that the EGR1 is substantially upregulated in aged Lineage- CD34- CD38- cells. These cells exhibit dysregulation of the cell cycle with a reduction in cell population present in the G2-M phase and a reduction in CCND2 expression during the S phase. Aged HSCs also show induced expression of the other molecules which are generally implicated in the hematopoietic and immune disorders, AP-1, and HSC quiescence regulators such as BTG, JUNB, and NR41A. Aged human HSCs present dysregulation of CDH4/6/D type cyclin complex and CDK6-EGR1 axis, which has an important implication in the activation of quiescent HSCs (Desterke et al., 2021). CDK6 suppresses the transcription of Egr1 during the recruitment of quiescent HSCs for activation. Loss of Cdk6 in HSCs induces an increase in the frequency of quiescent HSCs resulting in their failure to repopulate bone marrow after transplantation. Consistent Egr1 expression despite repeated 5-FU treatment leads to the inability of Cdk6−/− mice to recruit HSCs for activation. This significantly hampers the survival of the mice due to reduced hematopoietic activity under induced stress (Scheicher et al., 2015). Single-cell RNA sequencing analysis and bulk RNA sequencing strategies have demonstrated a notable increase in EGR1 expression in aged human HSCs (Adelman et al., 2019). Another report on single-cell sequencing for combined analysis of epigenetic, transcriptomic, and functional data identified the effect of Egr1 expression in fetal HSCs. The report showed a correlation between DNA hypermethylation with decreased expression of Egr1 transcription network genes including SOCS3, KLF2, and JUNB. These changes are associated with decreased activation of HSCs and the inability to respond to the stimulation (Pelletier et al., 2021). Thes data suggest the importance of EGR1 in HSC cell cycle regulation, activation, localization, and differentiation.
Bone marrow stromal cells (BMSCs) regulate HSC functionality in-vivo (Garcia-Garcia et al., 2015) and have been used to support the HSCs for in-vitro expansion cultures (Jing et al., 2010). A recent study confirms the role of Egr1 in BMSC proliferation. Egr1 expression levels are found to be high in the freshly isolated BMSCs but are rapidly downregulated upon proliferation under culturing conditions. However, Egr1 expression levels are also seen to be reduced in the colony-forming BM MSCs. Enforced expression of Egr1 decreases proliferation in stromal cells but upon culturing for HSC expansion, their HSC support potential increases, evident through the elevated number of transplantable HSCs (Li et al., 2020). Netrin-1, expressed on arteriolar endothelial and periarteriolar stromal cells, regulates niche-dependent HSC self-renewal and quiescence through its interaction with Neogenin-1 by triggering Egr1 expression. The aged niche shows a decline in Netrin-1, which induces compensatory overexpression of Neogenin-1 in HSCs, inducing Egr1 expression further (Renders et al., 2021). These findings suggest that Egr1 expression during aging is amendable by extrinsic modulations and can be a potential target for HSC rejuvenation therapies.
DIFFERENTIAL ROLE OF EGR1 IN MATURE AND IMMATURE CELL TYPES
EGR1 is a master transcription factor that can regulate various genes by acting as an activator or a suppressor, depending on distinct cofactors associated with it (Thiel and Cibelli, 2002). Importantly, EGR1 regulates immune cells through its target genes such as Il-2, Cd44, Icam, and Tnf (McMahon and Monroe, 1996). In the case of the cancer cells, Wang et al. have reported that high glucose levels induce cell proliferation via increased Tgf- β1 levels, mediated by increased binding of EGR1 to the Tgf- β1 promoter site (Wang et al., 2015).
While in HSCs, increased TGF- β signaling induces cell hibernation via inhibition of cytokine-mediated lipid raft clustering, which is required for re-entering the cell cycle (Yamazaki et al., 2009). Egr1 promotor also has EGF response elements and serum response elements which induce Egr1 expression through the EGF-ERK-Elk1 signaling cascade (Gregg and Fraizer, 2011). Though ERK is also known to induce the proliferation of cells, the ERK-dependent feedback mechanism prevents HSC exhaustion during hematopoiesis (Baumgartner et al., 2018). Cyclin D1 transcription during progression through the G1 to S phase of the cell cycle requires MAPK-induced Egr1 expression and its binding to the promotor (Xiao et al., 2005). On the other hand, maintenance of self-renewal in HSCs requires balanced MAPK signaling (Geest and Coffer, 2009). As discussed earlier, CDK6 acts as the transcriptional suppressor of Egr1 in HSCs, which is required for their activation (Scheicher et al., 2015). Moreover, Egr−/− HSCs show increased cycling with a significant increase in Cdk4 expression without any significant change in the cyclin D1 expression levels (Min et al., 2008). These reports suggest that EGR1 can play different roles in mature and stem cell populations depending on the upstream and downstream signaling cascades and regulation of EGR1 expression levels.
EGR1 IN LEUKEMIA
Alongside the role of Egr1 in normal hematopoiesis discussed in the previous section, its role in mature or leukemic hematopoietic cells has also been studied extensively. Ectopic overexpression of EGR1 in M1 myeloblastic leukemia cells abrogates the G0/G1 block imparted by oncogenic c-Myc or E2F-1 in these cells. Further, EGR1 commits them to terminal differentiation under the effect of extrinsic IL-6 treatment and diminishes the aggression of the M1 myeloblastic leukemic cells (Gibbs et al., 2008). In acute lymphoblastic leukemia (ALL) EGR1 induction via suppression of HSP70 induces apoptosis and inhibits cell proliferation, whereas loss of EGR1 in these cells increased the proliferation and reduces apoptosis of ALL cells (Guo et al., 2019). Upregulation of EGR1 in leukemic cells suppresses invasion and migration of the leukemic cell (Liu et al., 2009). Tumor suppressor activity of EGR1 is well proven in Chronic Myelogenous Leukemia (CML) as well (Maifrede et al., 2014). Importantly, the EGR1 gene is located on chromosome 5, in a region that is often found to be deleted in acute myeloid leukemia (AML) cells (Sukhatme et al., 1988). In the AML settings, upregulation of EGR1 has been shown to down-regulate Survivin, an inhibitor of apoptosis, and regulator of cell division, which also sensitizes AML cells to TRAIL-induced apoptosis (Tamm et al., 2006).
In multiple myeloma cells, JUN overexpression induces cell death and growth inhibition by upregulation of the EGR1, which in turn downregulates Survivin and triggers caspase signaling. Interestingly improved outcome for the bortezomib treatment is associated with increased JUN or Egr1 expression, while JUN or EGR1 knockdown increases the resistance of myeloma cells against bortezomib (Chen et al., 2010). In lymphoblastic leukemia, miR-181a can target and downregulate EGR1 which increases the proliferation and survival of leukemic cells leading to negative outcomes (Verduci et al., 2015). EGR1 expression in the tumor microenvironment has been also proven to inhibit tumor growth. Ectopic expression of EGR1 in thymic lymphoma stromal cells downregulates matrix metalloproteinase-9 (MMP-9) expression in them and inhibits the lymphoma growth (Bouchard et al., 2010). Overall, Egr1 ability to induce terminal differentiation of various mature hematopoietic cells and its tumor-suppressive activity have been explored as potential anti-leukemia therapies.
DISCUSSION
EGR1 being the regulator of HSC quiescence, proliferation, and localization is the key factor in determining HSC function and fate. Egr1 deletion also inhibits cellular senescence and induces proliferation in senescent cells. Recent evidence suggests dysregulation of EGR1 in the aged HSCs. Aged HSCs have increased quiescence and senescence which results in decreased HSC functionality. In the scenario of being enforced to enter the cell cycle, aged HSCs repair the accumulated DNA damage. Egr1 downregulation might decrease senescence and induce their activation in aged HSCs, in turn improving their functionality. Thus, studying the effect of extrinsic modulation of EGR1 in aged HSCs needs to be investigated for potential strategies for rejuvenation of the aged HSCs. Some of these promising approaches include- niche-mediated modulatory mechanisms, targeted vesicle-mediated antisense oligonucleotide delivery, and the development of EGR1 inhibitors (Figure 1).
[image: Figure 1]FIGURE 1 | EGR1 targeting strategies for rejuvenation of aged Hematopoietic Stem Cells. The expression of the zinc finger transcription factor - EGR1 is significantly increased in aged HSCs. This is, at least partially, mediated by the aging-associated changes in the BM niche. Increased EGR1 activation in the aged HSCs hampers their self-renewal activity and functions. EGR1 targeting strategies may be used to explore the possibility to rejuvenate aged HSCs. These strategies include - (A) Using the vesicle-mediated transfer of anti-Egr1 oligos specifically targeting aged HSCs. (B) Developing pharmacological EGR1 inhibitors. (C) Treating aged HSCs with recombinant Netrin-1 protein to reduce EGR1 activation in them. (D) Ectopic expression of Netrin-1 in aged BM niche cells to rescue Netrin-1 -Neogenin-1 interaction to modulate downstream EGR1 levels in the aged HSCs.
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