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ABSTRACT 

In response to tissue hypoxia caused by anemia, hemorrhage or infection, the process 

termed stress erythropoiesis restores tissue oxygenation by rapidly producing large numbers of 

erythrocytes. In contrast to steady state erythropoiesis, stress erythropoiesis utilizes specialized 

progenitor cells and distinct set of signals to generate large numbers of erythrocytes. During the 

early stage of stress erythropoiesis, the immature stress erythroid progenitors (SEPs) rapidly 

expand without differentiation. The amplifying SEPs maintain their stem cell phenotype until the 

appearance of transition signals. Upon receiving these signals, SEPs undergo rapid differentiation 

and give rise to a wave of stress erythroid burst-forming units (BFU-Es), which further develop 

into mature erythrocytes. The development of SEPs also relies on the regulation derived from the 

microenvironment. Erythroblastic islands (EBIs) made up of macrophage/monocytes in close 

contact with developing erythroblasts have been shown to be a necessary niche in erythropoiesis. 

Our previous work found that SEPs mature in a specific EBI niche. In the stress erythroid niche, 

monocytes are recruited to the spleen and mature in concert with developing SEPs.  

Erythropoietin (Epo) is the key transition signal in stress erythropoiesis. In chapter 2, we 

discussed the microenvironmental change induced by Epo in regulating SEP differentiation. We 

found that rather than directly mediating SEPs, Epo signaling acts on EBI macrophages to 

promote the SEP differentiation by mediating a series of changes in the microenvironment. 

During the amplifying stage, EBI macrophages generate canonical Wnt ligands, which promote 

the proliferation of SEPs by targeting β-catenin-dependent gene transcription. Epo induces the 

transition from proliferating microenvironment to differentiating microenvironment. Two 

prostaglandins, delta-12-prostaglandin J2 (Δ12-PGJ2) and prostaglandin E2 (PGE2), are produced 

by EBI macrophages in response to Epo. Δ12-PGJ2 activates the peroxisome proliferator-activated 

receptor gamma (PPARγ), which represses the Wnt expression in macrophages. As another 
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effector of Epo, PGE2 drives the differentiation of SEPs simultaneously. As a result, proliferation 

and differentiation of SEPs become very efficient because of Epo-orchestrated 

microenvironmental signals. 

In chapter 3, we further investigated the mechanism of the PGE2-mediated SEP 

differentiation. We demonstrated that the increase in PGE2 activates the protein kinase RNA-like 

endoplasmic reticulum kinase (PERK) signaling pathway by regulating intracellular Ca2+ flux. 

PERK belongs to the integrated stress response (ISR) kinase family. We found that the mutation 

or inhibition of PERK activity causes severe defects in stress erythropoiesis. Perturbation of 

PERK blocks the transition from amplifying progenitors to differentiating stress BFU-Es in both 

mouse and human cell cultures. The activation of PERK induces translation of the activating 

transcription factor 4 (ATF4), which increases the intracellular concentration of amino acids by 

promoting the expression of amino acid transporter genes. As a microenvironment sensor, the 

mammalian target of rapamycin complex 1 (mTORC1) is activated in response to the amino acid 

influx. Consequently, mTORC1 promotes global protein translation in SEPs. Such high rate of 

protein translation enables the SEP differentiation to generate mature erythrocytes, which 

eventually alleviates the anemic stress. 

In conclusion, the data presented in this thesis identify a key regulatory point in stress 

erythropoiesis. Unlike the constant production of steady state erythropoiesis, stress erythropoiesis 

generates a bolus of new erythrocytes, which is designed to maintain homeostasis until steady 

state erythropoiesis can resume. The initial expansion of immature SEPs represents the first and 

essential step. There will be inadequate erythrocytes if early progenitors are not efficiently 

proliferated. Therefore, precise regulation of the expansion and transition of SEPs is vital in stress 

erythropoiesis. Here we showed that Epo-mediated signal changes in the EBI macrophages 

promote the transition from proliferating SEPs to differentiating SEPs. These signals also 
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increase the protein translation in SEPs, allowing the final differentiation of SEPs into mature 

erythrocytes. 
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Chapter 1 
 

Introduction 

1.1 Hematopoiesis  

Hematopoiesis is the process of blood cell development. There are more than 10 types of 

blood cells in the hematopoietic system1. They govern many important functions that ensure the 

health of the human body, including oxygen transportation, immunity and hemostasis2,3. Most of 

the mature blood cells have limited life spans. Therefore, hematopoiesis is required throughout 

life to replenish the blood system. Hematopoietic stem cells (HSCs) are the primitive pluripotent 

stem cells that are capable to self-renewal and differentiate to lineage specific progenitors4. The 

primitive hematopoiesis during development occurs in yolk sac. Definitive HSCs develop in the  

aorta-gonad-mesonephros (AGM) region and seed the fetal liver during embryogenesis5. In 

adults, hematopoiesis predominately takes place in bone marrow (BM)5. However, in 

pathological circumstances, extramedullary hematopoiesis may also be induced and occurs in 

liver, lymph nodes and spleen4. The classical model of hematopoietic hierarchy is a branched 

roadmap (Figure 1-1A). Long-term HSCs (LT-HSCs) give rise to progeny that gradually commit 

to distinct lineages by losing other lineage potentials at each step of differentiation. From 2016, 

single-cell transcriptome analysis of HSCs and multipotent progenitors (MPPs) provide new 

insights of hematopoietic development. Rodriguez-Fraticelli et al. identified that LT-HSCs and 

MPPs are highly heterogeneous populations that includes distinct unilineage and oligolineage 

clones6. The group found that a fraction of LT-HSCs is the source for megakaryocyte progenitors. 

They also categorized MPPs into four subpopulations based on the transcriptome similarity. 

MPP1 is close to LT-HSCs that are less lineage primed. MPP2 includes erythroid-primed clones 
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and megakaryocyte-primed clones. MPP3 mainly has granulocyte/monocytes-primed clones. 

MPP4 contains lympho-erythromyeloid clones and many multilineage clones. Therefore, the HSC 

and MPP pool forms a continuum developmental path that mature lineage restricted cells are 

directly derived from different lineage-primed HSCs or MPPs (Figure 1-1B)6–10. 

 

 

 

A                                                                      B 

                       

Figure 1-1: Models for hematopoietic hierarchy6,7 

(A). Classical model of hematopoietic hierarchy. ST-HSCs: short-term HSCs, CMPs: common 

myeloid progenitors, CLPs: common lymphoid progenitors, MEPs: megakaryocyte-erythrocyte 

progenitors, GMPs: granulocyte-macrophage progenitors, DCs: dendritic cells, NKs: natural 

killer cells, ILCs: innate lymphoid cells.  

(B). Current model of hematopoietic hierarchy. Mk: megakaryocytes, Er: erythrocytes, Gr: 

granulocytes, Mo: monocytes, B: B cells. 
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1.2 Steady state erythropoiesis  

Erythrocytes have the average life span of 120 days in human. Under homeostatic 

conditions, new erythrocytes are generated at the basal rate of approximately 2 x 1011 per day to 

replace damaged or senescent erythrocytes11. Erythropoiesis, as one developmental path of HSCs, 

is the process of generating erythrocytes. There are two waves of erythropoiesis during 

mammalian development. First, primitive erythropoiesis initiates in the yolk sac. Nucleated 

erythroblasts are generated and released to the bloodstream. These large size erythroblasts retain 

proliferation capability and are only observed in the early embryonic circulation. Eventually, the 

erythroblasts complete enucleation and become mature erythrocytes in circulation. Once switched 

to the fetal development, the initial definitive erythroid progenitors derived from yolk sac migrate 

to the fetal liver and give rise to small enucleated erythrocytes. During the following fetal 

development, these progenitors are replaced by definitive progenitors derived from HSCs in the 

fetal liver. Around birth, the fetal liver HSCs migrate to BM and maintain lifelong definitive 

erythropoiesis at this site11,12 (Figure 1-2). During steady state erythropoiesis, the erythroid 

lineage committed megakaryocyte-erythrocyte progenitors (MEPs) differentiate into burst-

forming units-erythroid (BFU-Es). BFU-Es continue to generate colony-forming units-erythroid 

(CFU-Es). BFU-Es and CFU-Es were originally defined by colony assays13,14. BFU-Es are 

identified as immature erythroid precursors that give rise to large colonies containing hundreds of 

cells in vitro, whereas CFU-Es are more abundant erythroid precursors and form much smaller 

colonies than BFU-Es. During the terminal erythropoiesis, pro-erythroblasts (Pro-Es) sequentially 

differentiate into morphologically recognizable progeny: basophilic erythroblasts (Baso-Es), 

polychromatophilic erythroblasts (Poly-Es) and orthrochromatic erythroblasts (Ortho-Es)11. 

Along with the successive cell divisions, erythroblasts progressively reduce their size and 

condense their nucleus, while beginning to accumulate hemoglobin. At the end of maturation, 
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Ortho-Es undergo nucleus expulsion and organelle clearance, including elimination of 

mitochondria, endoplasmic reticulum (ER), Golgi apparatus and ribosomes, to become 

reticulocytes. Reticulocytes continue to reduce in cell size and expel remaining organelles before 

giving rise to mature erythrocytes15 (Figure 1-3). The primary function of erythrocytes is to 

transport oxygen to body tissues. Therefore, mature erythrocytes have biconcave disk shape, 

which extends the cell surface for gas exchange, and small size, which allows them to travel in 

the capillaries12.  

 

 

Figure 1-2:  Ontogeny of erythrocytes11.  

Primitive erythrocytes are generated in yolk sac from E7.5 to E11/12. Definitive erythroid 

progenitors derived from yolk sac and placenta migrate to fetal liver at E9 and give rise to 

definitive erythrocytes. At E10.5, AGM generated HSCs migrate to fetal liver. HSCs continue 

to migrate to bone marrow at birth and maintain definitive erythropoiesis throughout life. 

 

 

Figure 1-3:  Development of erythrocytes11.  
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1.3 Stress erythropoiesis  

1.3.1 Overview of stress erythropoiesis  

Under many acute circumstances, such as acute anemia, severe hemorrhage and recovery 

from bone marrow transplant (BMT), increased erythrocyte production is vital for restoring tissue 

oxygenation and cell survival. Stress erythropoiesis is the predominant process in response to 

hypoxic stress. In contrast to steady state erythropoiesis, stress erythropoiesis efficiently gives 

rise to abundant erythrocytes by increasing the erythrocyte production rate up to 10-fold16. The 

strategy of stress erythropoiesis is to rapidly accumulate abundant erythroid progenitors that can 

synchronously differentiate to generate mature erythrocytes in response to stress signals. As an 

adaptive stress response, stress erythropoiesis is usually short-term and rapidly declines after 

restoring erythropoietic homeostasis. In mice, stress erythropoiesis occurs in fetal liver during 

development, whereas the process takes place in spleen and liver in adults. In humans, the site of 

stress erythropoiesis is controversial. It has been reported in BM, however, extramedullary 

erythropoiesis is also observed in anemia patients and BMT patients17,18. To fulfill the 

requirement of generating large numbers of erythrocytes in short-term, stress erythropoiesis 

utilizes a distinct progenitor population, the stress erythroid progenitors (SEPs). The SEPs 

undergo a relatively compact developmental path in compare to steady state erythroid 

progenitors. The entire stress erythropoiesis can be divided into four stages (Figure 1-4). The 

earliest SEPs derived from ST-HSCs (CD34+Kit+Sca1+Lin-) that migrate from BM to spleen, 

where they acquire the stress erythroid fate. Next, the immature SEPs rapidly proliferate to 

expand the pool of early stage SEPs. Previous work in the Paulson lab has revealed unique cell 

surface markers that identify SEPs in different developmental stages (Figure 1-11)19. We found 

that there are three subtypes of SEPs during the amplification stage. The most immature SEPs 
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express high level of CD34, CD133, Kit and Sca1(CD34+CD133+Kit+Sca1+ SEPs). The 

expression of CD34 and CD133 gradually disappear from SEPs as they differentiate to 

sequentially generate CD34-CD133+Kit+Sca1+ SEPs and CD34-CD133-Kit+Sca1+ SEPs. 

Although the three SEPs populations represent different developmental stages, they share similar 

functional properties. All three subtypes are erythroid restricted. They undergo active self-

renewal but are unable to differentiate during this stage. Therefore, these SEPs largely retain their 

stemness and can be serial transplanted. After proliferation, the SEPs transition progenitor cells 

committed to differentiation. The transition stage relies on several transition signals, among them 

the erythropoietin (Epo) plays the pivotal role. The amplifying SEPs continue to lose the 

expression of Sca1 and become stress BFU-E progenitors (CD34-CD133-Kit+Sca1-) in response 

to increased serum Epo. The final step of stress erythropoiesis is the terminal differentiation of 

stress BFU-Es. Eventually, a wave of mature erythrocytes is efficiently produced to alleviate 

anemic stress. It is noteworthy that Kit expression is retained in all stage of SEPs, which 

distinguishes the SEPs from steady state erythroid progenitors and reflects their ST-HSC origin. 
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Figure 1-4: Schematic of stress erythropoiesis.   

The in vivo stress erythropoiesis process can be divided into four stages. Specification stage: BM

derived ST-HSCs migrate to spleen and committed to erythroid restricted progenitors, the SEPs.

Amplification stage: early SEPs rapidly expand but are not able to differentiate. Transition stage:

transition signals, Epo and hypoxia, induce the transition from amplifying SEPs to differentiating

SEPs. Differentiation stage: SEPs efficiently give rise to stress BFU-Es, which continue to 

differentiate into mature erythrocytes. During the entire process, the microenvironment supports

the development of SEPs with required growth factors. Macrophages are the key regulators in the

microenvironment. Along with the maturation of SEPs, the macrophage precursors, monocytes,

also undergo multiple developmental stages to become mature macrophages. Stress erythropoiesis

relies on the close interaction between SEPs and the corresponding niche in all stages. Ccl2: C-C 

motif chemokine ligand 2. PGE2: prostaglandin E2. RPMs: red pulp macrophages. 
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1.3.2 Microenvironment of stress erythropoiesis 

 Our increased understanding of the molecular mechanisms of stress erythropoiesis 

indicates that the development of SEPs requires support from the microenvironment, including 

microenvironment derived regulatory signals and direct cell-cell interactions. Erythroblastic 

islands (EBIs) are a necessary niche for regulating the development of erythroid precursors. In 

line with the sites where erythropoiesis takes place, EBIs are found in BM, spleen and liver in 

mice20. EBIs are composed of a central macrophage and multiple erythroblasts20. The developing 

erythroblasts surround the macrophage to form a ring-shaped structure (Figure 1-5). Studies has 

shown that the number of surrounding erythroblasts could range from 5 to 30 in human BM21. 

Previous studies also demonstrated a 3-fold increase of erythroid proliferation when there is 

direct erythroblast-macrophage interaction22, indicating the important role of central macrophages 

in supporting the growth of erythroblasts. The most well documented functions of central 

macrophages are phagocytosis of expelled nuclei from erythroblasts and transferring iron to 

erythroblasts23. In addition, investigations of soluble factors secreted by EBIs revealed that 

various macrophages derived cytokines, including Ephrin-2, burst-promoting activity (BPA) and 

insulin-like growth factor-1 (IGF-1), are required for the growth of BFU-Es and CFU-Es24–26.  

Under homeostatic conditions, mature macrophages expressing high levels of F4/80, 

CD169 and VCAM-1 compose the majority of EBIs27. These EBIs maintain a constant number to 

support the steady state erythropoiesis. Recent work shows that ablation of CD169+ macrophages 

significantly reduces the EBIs in BM27. Notably, depletion of murine CD169+ macrophages also 

results in severe defects in response to hemolytic anemia and acute blood loss27. This observation 

emphasizes the importance of niche macrophages in regulating stress erythropoiesis. Our recent 

work demonstrated a novel model where the splenic niche expands and matures in concert with 

the development of SEPs during stress erythropoiesis (Figure 1-6)28. In particular, spleen resident 
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macrophages secret C-C motif chemokine ligand 2 (Ccl2), which induces the migration of 

monocytes at the initiation stage of stress erythropoiesis. Mobilized monocytes infiltrate to spleen 

and sequentially differentiate to pre-red pulp macrophages (pre-RPMs) and red pulp macrophages 

(RPMs). The maturation of monocytes accompanies the differentiation of SEPs to form unique 

niche at each stage of stress erythropoiesis. Monocytes and immature pre-RPMs that express 

more monocytic cell surface markers, CD11b and Ly6C, closely interact with early stage 

CD133+Kit+Sca1+ SEPs. While mature RPMs having high CD169 and VCAM-1 expression 

form late stage EBIs with the differentiated Ter119+ erythroblasts. This co-maturation system 

enables the efficient expansion and differentiation of SEPs through dynamically modulating 

signals in the microenvironment. Our lab and other groups have identified several important niche 

signals in stress erythropoiesis (Please see section 1.3.3). However, a more comprehensive 

understanding of microenvironment derived soluble factors and corresponding signaling 

transductions remains to be further characterized. 

 

 

  

 

 

Figure 1-5: Immunofluorescence image of EBI from mouse BM29. 

Red: erythroid marker, green: macrophage maker, blue: DNA probe. Arrow: central 

macrophage, arrowhead: reticulocytes. 
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1.3.3 Signals in stress erythropoiesis 

Epo is a glycoprotein hormone that plays a key role in regulating survival and 

development of SEPs. In adults, Epo is primarily produced in the kidney and circulates in 

peripheral blood (PB). Epo production is triggered by low oxygen environment and tissue 

hypoxia. Hypoxia-inducible factor 2 alpha (HIF2) is the primary transcription factor that 

regulates the expression of the Epo gene30. Under normal O2 conditions, two proline residues of 

HIF2 are hydroxylated by prolyl-4-hydroxylase domain protein (PHD)31. Hydroxylated HIF2 

binds to von Hippel-Lindau protein (VHL)-E3 ubiquitin ligase complex, which leads to poly-

ubiquitination and rapid degradation of HIF2. The low O2 environment abrogates the proline 

hydroxylation process and allows the stabilized HIF2 to translocate to the nucleus where it 

promotes Epo transcription31. Epo targets the Epo receptor (EpoR) expressed on the erythroid 

progenitors32. Our work and recent studies found that macrophages in the EBIs also express 

EpoR33, suggesting that Epo may act on the microenvironment to regulate the erythroid 

 

 

Figure 1-6: Model of the splenic stress erythropoiesis niche development after BMT28.  
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progenitors. Upon binding to Epo, EpoR undergoes conformational change, which activates the 

tyrosine kinase, Janus kinase 2 (JAK2)34. JAK2 continues to phosphorylate the tyrosine residues 

of EpoR, which provides docking sites for signal transducer and activator of transcription 5 

(Stat5)35. Recruited Stat5 proteins are phosphorylated, dimerized and translocated to the nucleus 

to mediate transcription of erythroid genes.  

Knockout of EpoR is embryonic lethal but can be rescued by expressing GATA136, 

indicating that the lethality is due to erythropoietic defects. Correspondingly, mice with 

conditional knockout of Stat5 a/b locus exhibit low hematocrits at E18.5 and in neonatal period37. 

These findings suggest that Epo/EpoR mediated JAK2/Stat5 signaling pathway is indispensable 

for stress erythropoiesis. It is well documented that Epo has anti-apoptosis function, which 

promotes the survival of CFU-Es and early erythroblasts38. Rhodes et al. found that, in response 

to a wide range of Epo concentration, the proliferation rate of erythroblasts in EBIs is always 

significantly higher than erythroblasts cultured alone22. Although the number of erythroblasts in 

both groups increases along with the increased Epo concentration, the apoptosis percentage 

always remain comparable between groups. These observations indicate that, in addition to the 

anti-apoptotic effect on erythroblasts, Epo also affects macrophages in the niche to promote the 

proliferation of erythroblasts. This idea is further supported by a recent study showed that EBI 

macrophages can be characterized by the EpoR expression33. Taken together, current evidence 

suggest that Epo/EpoR signaling has profound effects on erythroid progenitors, erythroblasts and 

niche macrophages. Here, we extend the Epo/EpoR findings into stress erythropoiesis and 

revealed a novel mechanism of Epo dependent microenvironment signaling in the regulation of 

proliferation and differentiation of SEPs.  

In addition to Epo, stress erythropoiesis utilizes distinct signals that are not associated 

with steady state erythropoiesis. Hedgehog (HH) is required for inducing the BM derived 

erythroid progenitors to acquire the stress erythroid fate once they migrate to the spleen. HH 
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signal is also required for priming committed SEPs to further respond to bone morphogenetic 

protein 4 (BMP4)39. The flexed-tail (f) mutant mice, in which BMP4 signaling is inhibited by a 

mutation in the BMP signaling pathway component Smad5, exhibit fetal-neonatal anemia that 

quickly resolves 2 weeks after birth40,41. They exhibit a normal erythropoiesis phenotype 

afterwards, which suggests that BMP4 is not required for steady state erythropoiesis. However, 

BMP4 is crucial for expanding stress BFU-Es as demonstrated by the delayed recovery in f/f mice 

in response to phenylhydrazine (PHZ) induced hemolytic anemia42. Growth-differentiation factor 

15 (GDF15) is another indispensable signal for stress erythropoiesis. In the splenic 

microenvironment, GDF15 maintains BMP4 expression by stabilizing HIF2. GDF15 also 

directly acts on SEPs by regulating the expression of metabolic enzymes required for 

proliferation43. The stem cell factor (SCF) and its receptor Kit are required for expansion of BFU-

Es. Mice with mutation of Kit receptor are devoid of BMP4 responsive cells in spleen and exhibit 

delayed recovery after PHZ injection44. Previous work in the Paulson lab also demonstrated that 

SCF, BMP4 and hypoxia together can maximize the expansion of stress BFU-Es44. 

Glucocorticoids (GCs) are steroid hormones that produced by adrenal glands46. Mice with 

mutation in glucocorticoid receptor (GR), GRdim/dim mice, have no obvious defects in steady state 

erythropoiesis. However, the mutants failed to generate CFU-Es after PHZ injection45. Also, 

GRdim/dim adult mice are unable to increase erythrocyte count and hemoglobin in PB when 

exposed to hypoxia environment45. These findings indicate that GC/GR signaling also plays 

important roles in stress erythropoiesis25. In this dissertation, we will discuss multiple novel 

signals in stress erythropoiesis.  
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1.3.4 Tissue regeneration and potential signals in stress erythropoiesis  

Hematopoietic reconstitution can also be viewed as a tissue regeneration process. HSCs 

remain quiescent and undergo slow cell cycle, whereas the MPPs are the main implements of 

reconstitution. The MPPs act as transit-amplifying cells (TACs) that undergo rapid but limited 

proliferation then differentiate to downstream lineages. In response to anemic stress, the SEPs 

resemble one subtype of MPPs that gains erythroid lineage bias and exclusively replenish the 

erythrocytes. Many other continuous tissues such as hair follicle and intestine share similar tissue 

regeneration properties in response to injury or other perturbations. For instance, cells locate at 

the +4 position of the intestinal crypt acquire TAC properties upon damage to the intestinal 

epithelium47. Rather than the crypt resident stem cells, the activated +4 crypt cells contribute to 

the intestinal epithelium regeneration. Several signaling pathways are commonly required by the 

regeneration of various tissues. We hypothesize that these signals may also play a role in stress 

erythropoiesis. 

1.3.4.1 Canonical Wnt signaling pathway 

The Canonical Wnt signaling pathway has been identified as important regulator of 

embryonic development and self-renewal of many types of stem cells in adult48–50. The initiation 

of the Wnt signal transduction cascade depends on the ligand-receptor binding (Figure 1-7). In 

the absence of Wnt ligands, the cytoplasmic β-catenin is bound by a destruction complex 

composed of Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), 

glycogen synthase kinase 3 (GSK3) and casein kinase Iα (CK1α). CK1 and GSK3 

phosphorylate β-catenin51. Phosphorylated β-catenin is recognized by E3 ubiquitin ligase 

complex. Ubiquitinated β-catenin then gets degraded by proteasome. Once Wnt ligands are 



14 

 

present and bind to the Frizzled/lipoprotein receptor-related protein (Fz/LRP) coreceptor, the 

canonical Wnt signaling pathway is activated. GSK3 and casein kinase I-γ (CK1γ) 

phosphorylate LRP, which provides docking site for Axin51. In addition, Wnt regulates the 

phosphorylation of Dishevelled (Dsh, in mammals the protein is Dvl). The exact function of Dsh 

in Wnt signaling pathway is not clear. However, studies suggest that it may participate in 

regulating the phosphorylation activity of GSK3. Together, ligation of Fz/LRP coreceptor 

disassembles the destruction complex and stabilizes β-catenin in the cytoplasm. β-catenin 

continues to translocate into the nucleus and promote transcription of canonical Wnt target genes 

through binding to T-cell factor/lymphoid enhancing factor (TCF/LEF) transcription factor53. 

Canonical Wnt signaling pathway was also well documented as one of the critical niche 

regulators in retaining cell proliferation in injury repair and regeneration process. Elevated Wnt 

signaling promotes healing of skin wounds and formation of new hair follicles54. In the intestine, 

induction of Wnt by inhibiting Dickkopf-1 (Dkk1) results in increased proliferation of epithelial 

cells in wound repair after colitis55. In concordance, reduced intestinal regeneration is correlated 

with decreased Wnt signaling pathway activity in some inflammatory bowel diseases56.  

In hematopoietic system, Wnt ligands can be secreted by both HSCs (autocrine) and the 

microenvironment (paracrine). It has been demonstrated that canonical Wnt ligand Wnt3a and β-

catenin can promote the reconstitution capability of HSC after BMT in mice57. Stabilized 

cytoplasmic β-catenin is the hallmark of activated canonical Wnt signaling pathway. Therefore, 

genetic manipulation of β-catenin has been widely used to understand roles of canonical Wnt 

pathway in hematopoiesis. Constitutively activation of β-catenin promotes and retains the self-

renewal capacity of hematopoietic precursor for more than 5 months in murine bone marrow58. 

On the other hand, conventional deletion of β-catenin results in embryonic lethality59. Conditional 

deletion of β-catenin in hematopoietic system with Vav-Cre in fetal stage leads to significantly 

abnormal hematopoiesis60. However, inducible β-catenin deletion in adult mouse has no obvious 



15 

 

hematopoietic phenotype61. In this dissertation, we demonstrated an important and indispensable 

role of Wnt/β-catenin in regulating expansion of immature SEPs. 

 

1.3.4.2 Prostaglandins 

Prostaglandin biosynthesis 

Prostaglandins (PGs) are lipid mediators that participate in various physiological and 

pathological processes. The synthesis of PGs relies on the action of a series of specific enzymes 

(Figure 1-8). At the beginning of synthetic pathway, phospholipase A2 (PLA2) releases 

arachidonic acid (AA) by hydrolyzing the plasma membrane phospholipids. AA is converted into 

the unstable metabolite prostaglandin G2 (PGG2) with two molecules of oxygen added by the 

cyclooxygenase (COX) enzymes, COX1 and COX2. Next, PGG2 is reduced to prostaglandin H2 

(PGH2) through the peroxidase activity of COX1 and COX2. PGH2 is a common precursor that 

 

Figure 1-7: Canonical Wnt signaling pathway51.  
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can be converted to thromboxanes (TXs) and other PGs by specific synthases. Depending on the 

cell types and stimuli, PGH2 can be catalyzed to prostaglandin E2 (PGE2), prostaglandin D2 

(PGD2), prostaglandin F2a (PGF2a), prostacyclin (PGI2) and thromboxane A2 (TXA2). Upon 

binding to distinct G protein coupled receptors, PGs and TXA2 activate a wide range of 

intracellular signaling pathways to implement their regulatory effects. 

 

 

 

Figure 1-8: The prostaglandin biosynthetic pathway62.  
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PGE2 

PGE2 is the most abundant and widespread PGs in mammals. It regulates various 

physiological activities including inflammation resolution, potent vasodilation and renal 

hemodynamics. Three enzymes, microsomal prostaglandin E synthase-1 (mPGES-1), mPGES-2 

and cytosolic prostaglandin E synthase (cPGES), can catalyze the synthesis of PGE2 from PGH2 

(Figure 1-8). mPGES-2 and cPGES are constitutively expressed in cells, while mPGES-1 can be 

significantly induced upon inflammatory stimulation63–65. There are four PGE2 receptors (EPs), 

each EP governs distinct signal transduction pathway (Figure 1-9). EP1 receptor induces 

intracellular Ca2+ through coupling with Gq, which activates potential receptor activated Ca2+ 

channels and mobilize extracellular Ca2+ flux into the cytoplasm66. Both EP2 receptor and EP4 

receptor can couple with Gs and sequentially activate adenylyl cyclase, which stimulates the 

cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) signaling67,68. EP4 receptor 

can alternately activate phosphoinositide-3-kinase (PI3K) via Gi69. Therefore, EP4 receptor 

shows less affinity to the cAMP-PKA signaling pathway in compare to EP2 receptor. There are 

multiple isoforms of EP3 due to different mRNA splicing. EP3 receptor is able to regulate 

different signaling pathways through coupling with distinct G proteins. The known function of 

EP3 receptor include inhibition of cAMP and mobilizing Ca2+ from ER to cytoplasm through 

increasing inositol 1, 4, 5-trisphosphate (IP3)70–72. 

Recently, Zhang et al. demonstrated an instrumental role of PGE2 in orchestrating 

multiple tissue regeneration73. With deletion of a prostaglandin-degrading enzyme, 15-

hydroxyprostaglandin dehydrogenase (15-PGDH), they observed enhanced hematopoietic 

capacity in steady state and after bone marrow transplant, promoted resistance to colitis and 

increased liver regeneration rate in response to partial hepatectomy. It was also documented that 

PGE2 has anti-apoptotic effect on CD34+ HSCs57, enhances long-term and short-term HSC 

engraftment and repopulation74, as well as stimulates endogenous heme synthesis75,76. In this 
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dissertation, we characterized a novel role of PGE2 in regulating stress erythroid differentiation in 

response to Epo signaling. 

 

 

PGJ2 and the ligation of PPAR 

PGJ2 derives from PGD2, another metabolite of PGH2 (Figure 1-8). The generation of 

PGD2 depends on two enzymes, hematopoietic prostaglandin D2 synthase (H-PGDS) and 

lipocalin prostaglandin D2 synthase (L-PGDS). H-PGDS is mainly expressed in immune and 

inflammatory cells, while L-PGDS is localized in central nervous system, vasculature and 

heart64,78,79. PGD2 can be converted to prostaglandin J2 (PGJ2) through spontaneous dehydration. 

PGJ2 further isomerizes to delta-12-prostaglandin J2 (12-PGJ2), which can be dehydrated to 

generate 15-deoxy-12,14-prostaglandin J2 (15d-PGJ2)80 (Figure 1-10). PGs of the J2 series have a 

reactive cyclopentenone structure that enables their ligand activity. During the injury repair 

process, PGJ2 and its derivatives exert anti-inflammatory effects through binding to peroxisome 

proliferator-activated receptor (PPAR) in addition to other transcription factors, including NF-

κB, nuclear factor erythroid 2-related factor 2 (Nrf2) and activator protein 1 (AP-1)64. Both 12-

 

 

Figure 1-9: EP receptor signaling pathway77.  
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PGJ2 and 15d-PGJ2 are considered to be the potent endogenous ligand of PPAR–. In addition, 

previous study suggested that the AA metabolism in macrophages is modulated by increased 

selenium during inflammation84. The production of both PGE2 and TXA2 are inhibited, while 

selenium promotes the expression of H-PGDS, which favors the production of 12-PGJ2 and 15d-

PGJ2. 12-PGJ2 and 15d-PGJ2 activate PPAR through ligation. Also, PPAR is able to stimulate 

the expression of H-PGDS through binding to its promoter. Together, H-PGDS, 12-PGJ2, 15d-

PGJ2 and PPAR form a positive feedback loop to regulate the resolution of inflammation. 

Moreover, one of the PGD2 receptor, chemoattractant receptor-homologous molecule expressed 

on Th2 cells (CRTH2), is also demonstrated as an important regulator in LPS-induced 

inflammation85. Both 12-PGJ2 and 15d-PGJ2 have high binding affinity to CRTH286,87. Mutation 

of CRTH2 leads to increased expression of m-PGES1 in macrophages, indicating that CRTH2 

participates in the repression of PGE2
85. All evidence suggested that the switching of PGs is 

important in the resolution of inflammation. On the one hand, CRTH2 regulates the decrease of 

PGE2 and other proinflammatory genes. On the other hand, the production of 12-PGJ2 and 15d-

PGJ2, which act as anti-inflammatory lipid mediators, is favorable in the macrophages in response 

to inflammation. In this dissertation, we extended the investigation of macrophage derived PGE2 

and PGJ2 into stress erythropoiesis and discussed their new roles in regulating the development of 

SEPs. 

PPAR belongs to the nuclear receptor family of ligand-activated transcription factors. In 

addition to natural PG ligands, the synthetic thiazolidinediones (TZDs) are also widely used as 

PPAR agonists88. Upon binding to its ligands, PPAR heterodimerizes with the retinoid X 

receptor (RXR) and form a complex with other transcriptional cofactors89. The transcriptional 

complex binds to the peroxisome proliferator hormone response elements (PPREs) in the 

promoter region of genes and mediates transcription89. PPAR is detected in a wide range of 
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tissues, including adipose tissue, adrenal gland, spleen, endothelium and hematopoietic tissue90–93. 

It is known that PPAR regulates adipogenesis, glucose metabolism, myelopoiesis, the maturation 

of alternatively activated macrophages and inflammation92,94–96. Notably, deletion of PPAR in 

hematopoietic cells results in splenomegaly, which indicates ectopic hematopoiesis97. PPAR is 

also reported to act downstream of Epo to enhance macrophage efferocytosis during acute 

inflammation98. However, little has been known about PPAR function in stress erythropoiesis 

and the underling mechanisms. In this dissertation, we revealed a regulatory role of PPAR in 

modulating maturation of SEPs by interacting with other signals from the microenvironment. 

 

1.3.5 Models and methods in study stress erythropoiesis  

The Murine model is the most widely used animal model to study stress erythropoiesis. 

One obvious advantage is that mice share many physiological and pathological features with 

humans99. Furthermore, diverse techniques including transgenesis, genome editing, conventional 

 

 

Figure 1-10: The PGD2 metabolic pathway80.  
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and conditional gene knockouts enables multiple ways to manipulate erythroid genes in mouse. 

Our lab has established in vitro culture system to mimic the in vivo stress erythropoiesis 

process19. By supplementing factors known to support SEPs in the culture medium, we are able to 

expand early stage SEPs from unfractionated BM. The three immature SEP populations that 

proliferate in the stress erythropoiesis expansion media (SEEM) are identified as 

CD34+CD133+Kit+Sca1+ SEPs, CD34-CD133+Kit+Sca1+ SEPs and CD34-CD133-Kit+Sca1+ 

SEPs. We are also able to induce differentiation of SEPs by adding Epo and culturing cells at low 

oxygen condition19 (Figure 1-11). The SEPs rapidly differentiate into CD34-CD133-Kit+Sca1- 

stress BFU-E progenitors in this stress erythropoiesis differentiation media (SEDM) culture 

condition. Notably, human BM mononuclear cells can also give rise to human SEPs that express 

analogous cell surface markers when cultured in the same condition. We also utilize two in vivo 

models to study stress erythropoiesis100. The BMT model allows us to study both the migration of 

SEPs from BM to spleen and the further extramedullary development of SEPs100 (Figure 1-12). 

Recipient mice are lethally irradiated and transplanted with isolated donor BM cells. The spleen 

and PB are analyzed every 2 - 3 days after BMT to monitor the recovery from irradiation. In this 

method, donor cells and recipient cells can be easily distinguished. It allows precise analysis of 

the short-term radioprotection capability of the donor cells and, in some circumstances, allows the 

analysis of interactions between donor SEPs and recipient microenvironment. The PHZ induced 

hemolytic anemia model provides a more acute stress erythropoiesis model100. The anemic stress 

is rapidly induced within 24 hours after PHZ injection. The entire stress erythropoiesis response 

only takes 5 - 7 days from the initiation to full recovery100. This model allows us to study the 

development of resident SEPs and the microenvironment.  
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Figure 1-11: Schematic of in vitro bone marrow culture and SEP surface markers in different

developmental stages.  

Unfractionated BM cells are cultured in stress erythropoiesis expansion media (SEEM) for 5 days

to enrich the amplifying SEPs. Growth factors (GDF15, BMP4, SCF, HH) known to regulate stress 

erythropoiesis are supplemented in culture media. Then cells are switched to stress erythropoiesis

differentiation media (SEDM) for 3 days to induce differentiation. Epo is supplemented in SEDM

and cells are cultured at 2% O2. SEPs will gradually lose the expression of CD34, CD133 and Sca1

during development.  

 

 

Figure 1-12:  BMT procedure.  

Recipients are treated with acidified water for 1 week and antibiotic water for 3 days prior to

irradiation. Recipients then are lethally irradiated with 950 cGy. Isolated unfractionated BM cells
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1.4 Integrated stress response and translational regulation 

Under conditions of stress, eukaryotes activate a cytoprotective pathway termed the 

integrated stress response (ISR) to restore homeostasis101. There are four kinases that implement 

ISR in response to distinct stress conditions: Protein kinase RNA-like endoplasmic reticulum 

kinase (PERK) is located in the ER membrane. ER stresses caused by unfolded proteins, 

imbalanced redox status and disturbed calcium homeostasis activate PERK102. Double-stranded 

RNA-dependent protein kinase (PKR) mainly responds to the increased dsRNA during viral 

infection103. Heme-regulated eIF2 kinase (HRI) is mainly expressed in the erythroid lineage. 

Heme deficiency will activate HRI to reduce the production of excess globin, which leads to 

proteotoxicity104. General control non-derepressible 2 (GCN2) is sensitive to nutrient deprivation 

and UV light irradiation105,106 (Figure1-13). All four kinases can catalyze the phosphorylation of 

the  subunit of eukaryotic translation initiation factor 2 alpha (eIF2) on serine 51. eIF2, 

eIF2 and eIF2 are three subunits of eIF2. The initiation of translation requires the regulation of 

eIF2 ternary complex (eIF2-TC), which is composed of eIF2, GTP and Met-tRNAi
Met 101. 

Phosphorylated eIF2 (P-eIF2) blocks the exchange of eIF2-GDP to eIF2-GTP, thereby 

reducing the abundance of eIF2-TC and resulting in reduced initiation of mRNA translation. 

Through attenuating global protein translation, P-eIF2 helps to alleviate the unfolded or 

misfolded protein stress, conserve amino acids and reduce metabolic consequences107,108,109. 

or sorted SEP cells are injected into the recipient retro-orbitally. The number of donor cells range

from 2x102 – 5x106 depend on the experimental design. Blood and spleen samples are collected

every 2 days for analysis.  
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Paradoxically, P-eIF2 selectively promotes translation of activating transcription factor 4 

(ATF4). ATF4 can form heterodimers with other transcription factors, that then bind to ISR-

targeted promoters to enhance the expression of adaptive genes. Target genes of ATF4 are 

involved in metabolism, protein synthesis, amino acid transport and biosynthesis110. Intriguingly, 

ATF4 knockout mice exhibit severe anemia phenotype in yolk sac and fetal liver111. We also 

found that ATF4 mutants have significantly lower hematocrit after BMT, which indicates delayed 

recovery and impaired erythropoiesis. All these observations suggest that ISR kinases may play a 

role in stress erythropoiesis through activating ATF4.  

Termination of ISR is another important part of the response. Short-term ISR is 

considered as adaptive response that the cell can restore homeostasis with timely resuming 

protein translation. However, prolonged ISR leads to cell death when severe stresses cannot be 

resolved. Termination of ISR is regulated by dephosphorylation of eIF2, which requires the 

protein phosphatase 1 (PP1) complex.  PP1 complex is composed of PP1 catalytic subunit (PP1c) 

and one regulatory subunit. Either protein phosphatase 1 regulatory subunit 15A112 (PPP1R15A, 

also known as growth arrest and DNA damage-inducible protein-34, GADD34) or 15B113 

(PPP1R15B, also known as constitutive repressor of eIF2 phosphorylation, CReP) binds to 

PP1c to exert the phosphatase effect. In mammals, CReP is constitutively expressed in 

homeostatic cells to maintain normal protein translation, whereas GADD34 is induced by 

stress101. In fact, GADD34 is one of the targets of ATF4114. During the late stage of ISR, ATF4 

promotes expression of another key transcriptional regulator, C/EBP homologous protein 

(CHOP). ATF4 and CHOP together induces transcription of GADD34, which in turn 

dephosphorylates eIF2 through forming GADD34-PP1 complex and resumes the general 

protein translation.  
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The Diamond-Blackfan anemia (DBA) is a blood disorder characterized by insufficient 

erythroid progenitors in BM but no defects on other hematopoietic lineages115. The majority of 

DBA patients have heterozygous mutations in ribosomal protein genes115. Consequently, 

haploinsufficiency of ribosomal proteins selectively impairs the translation of mRNAs in 

hematopoietic stem and progenitor cells (HSPCs) and results in reduced erythroid progenitor 

abundance115. The findings in DBA implies that erythroid cells are more sensitive to alterations in 

translation. In stress erythropoiesis, the high rate of erythrocyte generation suggests that SEPs are 

undergoing active cell division. Therefore, high translational efficiency and appropriate 

translational regulation is required for stress erythropoiesis. In this dissertation, we demonstrated 

a novel role of the eIF2 kinase, PERK, in mediating protein translation in SEPs through the 

cooperation of multiple transcriptional and translational factors. 

 

 

 

 

Figure 1-13: Model of integrated stress response101.  
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1.5 Hypothesis  

In this dissertation, we will discuss several novel signals in the microenvironment and the 

erythroid progenitors. These signals compose a regulatory network to promote the proliferation 

and differentiation of SEPs. 

 

Aim1 Investigate Epo regulated microenvironmental signals in stress erythropoiesis 

Epo is identified as the humoral factor that regulates erythropoiesis. Through binding to 

EpoR, Epo regulates the survival, proliferation and differentiation of erythroid progenitors. The 

microenvironment is required for the maturation of erythroid progenitors. In recent decades, the 

important role of the EBI macrophage has been well documented. Previous work demonstrated 

that macrophages are novel target of Epo. However, the molecular mechanisms of EBI 

macrophages in regulating erythroid progenitors in response to Epo is unclear. Here we discussed 

the Epo induced microenvironmental changes, including Epo activated signaling pathways in EBI 

macrophages and the transition of microenvironmental signals produced by EBI macrophages. 

The precise regulation of microenvironmental signals is crucial for the development of erythroid 

progenitors in stress erythropoiesis.  

 

Aim 2. Characterize the role of PGE2-dependent PERK signaling pathway in stress 

erythropoiesis. 

PGE2 is one of the Epo induced differentiating microenvironmental signals. Our 

preliminary data showed that inhibition of PGE2 blocks stress erythropoiesis. In addition, 

inhibition of the ISR kinase, PERK, causes defects in stress erythropoiesis and blocks the 

transition from amplifying progenitors to differentiating stress BFU-Es. In this dissertation, we 

performed analysis to further understand the correlation between PGE2 and PERK. Also, we 
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investigated the role of PERK in stress erythropoiesis through analyzing the PERK-dependent 

translational regulation.  
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Abstract 

In response to anemic stress, stress erythropoiesis rapidly generates new erythrocytes to 

restore tissue oxygenation. Stress erythropoiesis is best understood in mice where it is 

extramedullary occurring primarily in the spleen. However, both human and mouse stress 

erythropoiesis utilize signals and progenitor cells that are distinct from steady state 

erythropoiesis. Immature stress erythroid progenitors (SEPs) are derived from short-term 

hematopoietic stem cells (ST-HSCs). Although the SEPs are capable of self-renewal, they are 

erythroid restricted. Inflammation and anemic stress induce the rapid proliferation of SEPs, but 

they do not differentiate until serum erythropoietin (Epo) levels increase. Here we show that 

rather than directly regulating SEPs, Epo promotes this transition from proliferation to 

differentiation by acting on macrophages in the splenic niche. During the proliferative stage, 

macrophages produce canonical Wnt ligands that promote proliferation and inhibit 

differentiation. Epo/Stat5 dependent signaling induces the production of bioactive lipid mediators 

in macrophages. Increased production of prostaglandin J2 (PGJ2) activates peroxisome 

proliferator-activated receptor gamma (PPAR) dependent repression of Wnt expression, while 

increased production of prostaglandin E2 (PGE2) promotes the differentiation of SEPs.  
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2.1 Introduction 

Bone marrow steady state erythropoiesis produces new erythrocytes at a constant rate that 

matches the rate of clearance of senescent red blood cells1, 2. Blood loss, inflammation or 

infection disrupts this homeostasis. When challenged by these conditions, a regenerative process 

termed stress erythropoiesis generates new erythrocytes3. Unlike steady state erythropoiesis, 

stress erythropoiesis generates a synchronous wave of new erythrocytes that maintains 

homeostasis until bone marrow steady state erythropoiesis can resume. This process requires the 

proliferation of transient amplifying cells to generate large numbers of committed erythroid 

progenitors4, 5. Stress erythropoiesis utilizes progenitor cells and signals that are distinct from 

steady state erythropoiesis5-8. In mice, stress erythroid progenitors (SEPs) are directly derived 

from bone marrow short-term hematopoietic stem cells (ST-HSCs- CD34+Kit+Sca1+Lin-)4, 

which migrate to the spleen and are restricted to the stress erythroid lineage by signals produced 

by the splenic microenvironment8. This population of progenitors, CD34+CD133+Kit+Sca1+ 

(CD34+CD133+KS) cells, acts as a transient amplifying population5. Despite being erythroid 

restricted during this stage, the progenitors do not differentiate. The rise in serum Epo 

concentration drives the transition from proliferating progenitors to committed stress burst-

forming units-erythroid (BFU-Es), which lose expression of CD34, CD133 and Sca1 and 

synchronously differentiate into erythrocytes4, 5.  

In addition to specialized SEPs, the splenic microenvironment regulates stress 

erythropoiesis9-12. The splenic stress erythropoiesis niche is a complex and dynamic structure 

made up of erythroblastic islands (EBIs), which are composed of a central monocyte/macrophage 

surrounded by developing erythroid progenitors. Stress erythropoiesis is severely compromised 

when macrophages are eliminated in vitro or in vivo5, 9, 11. Monocytes are recruited to spleen 

during stress erythropoiesis where they mature in concert with immature SEPs in EBIs10. The 
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generation of new erythrocytes therefore requires the interplay between the development and 

expansion of the niche, which must occur in conjunction with the proliferation and development 

of SEPs.  

EBI macrophages express the Epo receptor13, 14. Our previous work showed that Epo was 

the signal that promoted the transition from proliferating immature SEPs to committed erythroid 

progenitors suggesting that Epo signaling in macrophages could promote this transition5. Here we 

show that Epo dependent activation of Stat5 in splenic macrophages leads to a change in signals 

from canonical Wnt signaling to prostaglandins. Wnt2b and Wnt8a promote the proliferation of 

the immature SEPs and inhibit their differentiation. Epo antagonizes Wnt expression by 

increasing the production of PGJ2, which activates PPAR dependent repression of Wnt 

expression. Simultaneously, Epo increases the production of PGE2, which independently 

promotes the differentiation of SEPs. These data establish a role for Epo signaling in 

macrophages in regulating stress erythropoiesis.    

2.2 Material and Methods 

Mice  

C57BL/6 mice, C57BL/6-Tg (UBC-GFP) 30Scha/J mice, B6.SJL-PtprcaPepcb/BoyJ, 

B6.129-Ctnnb1tm2Kem/KnwJ mice and B6;129-Gt (ROSA)26Sortm1(cre/ERT)Nat/J mice (Rosa26-

CreERT mice) were purchased from The Jackson Laboratory. All strains were back crossed onto 

C57BL/6 background. C57BL/6 mice with a floxed allele of Stat5a and Stat5b (referred to as 

Stat5fx/fx mice) were obtained from Dr. Lothar Hennighausen 47. All animal procedures are 

approved by Institutional Animal Care and Use Committee (IACUC) of the Pennsylvania State 

University. 
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Stress erythropoiesis Cultures 

Isolated murine bone marrow cells were cultured in stress erythropoiesis expansion 

media (SEEM) for 5 days and switched to stress erythropoiesis differentiation media (SEDM) for 

3 days. SEEM contains Gibco IMDM (Invitrogen) supplemented with 10% fetal bovine serum 

(Gemini Bio-Products), 1% penicillin-streptomycin, 10 g/ml insulin, 200 g/ml transferrin, 

2mM L-glutamine, 0.01g/ml bovine serum albumin, 7 l/L 2-mercaptoethanol, 30 ng/ml GDF15 

(Novoprotein), 15 ng/ml BMP4 (R&D systems), 50 ng/ml SCF (Goldbio) and 25 ng/ml SHH 

(GoldBio). SEDM contains Gibco IMDM, all supplements in SEEM and 3U/ml Epo. Cells were 

incubated at 2% O2, 5% CO2 when cultured in SEDM. Sorted murine spleen cells were cultured 

in SEEM and SEDM for indicated period of time. 

 

Murine bone marrow derived macrophage (BMDM) cultures 

L929 cell line was cultured in DMEM supplemented with 10% fetal bovine serum and 

1% penicillin-streptomycin. L929 supernatants were filtered and collected after 7 days. Isolated 

murine bone marrow cells were cultured in DMEM with 10% fetal bovine serum, 1% penicillin-

streptomycin and 10% L929 supernatants for 5 days to generate BMDMs. Media were changed 

every 2 to 3 days. 
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Human BMDM culture 

Human bone marrow mononuclear cells (MNCs) (ReachBio) were thawed at 37°C water 

according to the ReachBio instructions. MNCs were enumerated and cell concentrations were 

adjusted to 5  105 cells/mL. MNCs were cultured in Gibco RPMI-1640 (Invitrogen) 

supplemented with 10% fetal bovine serum (Gemini Bio-Products), 1% penicillin-streptomycin, 2 

mM L-glutamine and recombinant human macrophage colony-stimulating factor (M-CSF) 

(GoldBio). 10 ng/mL M-CSF were supplemented for the first 24 hours and 25 ng/mL M-CSF 

were supplemented for the following culture period. Media were changed every 2 to 3 days. 

Human BMDMs were enriched after 10 to 15 days. 

 

Lipid extraction and liquid chromatography–tandem mass spectrometry (LC-MS/MS) 

analysis 

Prostaglandins (PGs) were extracted from BMDMs and BMDM cell culture supernatants 

by using C18 Sep-pak cartridges (Waters). Briefly, culture supernatants were acidified with 1N 

HCl and loaded on to the Sep-Pak cartridge, bound PGs were eluted with methanol, evaporated 

under the stream of nitrogen gas and stored in ethyl acetate at −80° C until further analysis. For 

intracellular PGs, cell pellets were washed twice with DPBS, suspended in 1 mL of 80% 

methanol and homogenized with 0.1 mm zirconium beads using a bead beater homogenizer under 

standard cycle conditions. Homogenates were centrifuged at 20000 x g for 10 mins at 4˚ C. 

Supernatants were transferred to a clean brown glass vial, evaporated under nitrogen, dissolved in 

ultrapure water, acidified and extracted as described above. After extraction, PGs were suspended 

in 70% methanol and analyzed by LC-MS/MS. Quantitative analysis of Δ12-PGJ2 and PGE2 was 
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performed using a calibration curve generated by respective standards in multiple reaction 

monitoring (MRM) mode. Following mass transitions were used to detect each PG: Δ12-PGJ2 

(332.8/188.9; 332.8/314.9; 332.8/271.3 m/z) and PGE2 (351/315; 351/271; 351/189). Data 

acquisition and analysis were performed using Analyst software (version 1.5; AB Sciex). PGs 

were normalized to cell number. 

 

Tamoxifen dependent deletion of floxed mouse alleles. 

Homozygous floxed mice were crossed with Rosa26-CreERT mice to generate 

floxed;Rosa26-CreERT mutants. To delete Stat5 in vivo, Tamoxifen was injected into mice every 

day for 5 days (75 mg/kg). Isolated bone marrow cells were treated with 1M 4-

hydroxytamoxifen (Sigma Aldrich) for 24 hours to induce deletion of Stat5 and β-catenin in vitro.  

 

BMT and complete blood count assay 

For BMT, Stat5fx/fx;Rosa26-CreERTand -cateninfx/fx;Rosa26-CreERT  bone marrow 

cells were isolated and cultured in SEEM with 4-OHT for 24 hours to generate Stat5 cells and 

-catenin cells. Stat5fx/fxor -cateninfx/fx cells were also treated with 4-OHT as control. 

Recipient mice were lethally irradiated (950 cGy) and transplanted with unfractionated or sorted 

donor bone marrow cells with indicated cell numbers. Peripheral blood was collected retro-

orbitally on indicated days and transferred to blood collection tubes coated with EDTA (BD). 

Hemavet 950 was used for hematological analysis.  
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Phenylhydrazine (PHZ) treatment and monocytes transfer 

Resident splenic macrophages were depleted with chlodronate liposomes 

(ClodronateLiposomes. org). A single dose of chlodronate (100l/10g body weight) is injected 

retro-orbitally. Donor monocytes were purified by using EasySep Monocyte Enrichment Kit 

(Stem Cell Technologies). 24 hours after chlodronate administration, 1x106 monocytes were 

transferred into recipients retro-orbitally. Recipient mice were injected with a single dose of PHZ 

(100mg/kg body weight) intraperitoneally 24 hours after monocytes transfer.  

 

Splenic EBI isolation 

The isolation of splenic EBIs isolation was done as previously described10. In brief, 

spleens were minced and digested in 0.075% (m/v) Collagenase IV (Gibco 17104019) and 

0.004% (m/v) DNase I (Invitrogen DN25) in RPMI1640 for 30min at 37oC. The suspension was 

gently passed through an 18-guage needle several times and cells were washed by centrifugation. 

Cell pellets were resuspended with 1mL RPMI1640 containing 0.004% DNaseI and layered on 

top of 30% (v/v) FBS in Iscove's Modified Dulbecco's Medium (IMDM) followed by gravity 

sedimentation for 45 minutes at room temperature. The supernatant was carefully removed and 

the pellet was processed with Percoll (Sigma) gradient centrifugation (50%(v/v)/100%(v/v)) at 

400g for 20min. The interface between the 50% and 100% Percoll was collected, washed with 

PBS, and processed for flow cytometry and imaging flow cytometry. 

 



45 

 

Immunocytochemistry 

Spleen macrophages and BMDMs were fixed with 4% formaldehyde (Sigma-Aldrich) for 

20 min at room temperature (RT). Cells were washed with PBST (PBS containing 0.1% 

Tween20) and permeabilized by 0.3% Triton X-100. Samples were blocked with 1% BSA in 

PBST for 30 min at RT and incubated with primary antibodies (F4/80, 123102, Biolegend and 

Phospho-Stat5a/b, ab32364, Abcam) at 4 °C overnight. Secondary antibodies (FITC-conjugated 

goat anti-rabbit IgG, sc-2012, Santa Cruz Biotechnology and Alexa 647-conjugated goat anti-

rabbit IgG, A21244, Life Technologies) were applied for 1h in dark. After washing with PBST 

for 3 times, samples were mounted in Prolong Gold Antifade Mountant with DAPI (P-36931, 

Life Technologies). FV1000 confocal microscope (Olympus) was used for imaging. 

 

Stress BFU-E colony assay 

Isolated spleen cells or in vitro cultured bone marrow cells were plated in methylcellulose 

media (M3334, StemCell Technologies). Stress BFU-Es were scored after 5 days incubation. 

Stress BFU-E culture conditions and stress BFU-E colony enumeration procedures were 

previously described (1). 

 

PKH26 cell membrane labeling 

Bone marrow cells were isolated and immediately labeled with PHK26 by following the 

manufacture instructions (PHK26 Red Fluorescent Cell Linker Kits, Sigma-Aldrich). Cells were 

collected and stained with other cell surface markers before flow cytometry analysis. PKH26 



46 

 

were detect by using LSR-II Fortessa Flow cytometer (BD Biosciences) with 561nm laser and 

575/26 filter. 

 

Flow cytometry and cell sorting 

Cells were collected and labeled with indicated antibodies. A list of antibodies was 

provided in Table 2-1. Dead cells were determined by zombie yellow fixable viability dye 

(BioLegend) staining. LSR-II Fortessa Flow cytometer (BD Biosciences) was used for flow 

cytometry analysis. All flow cytometry data were analyzed with FlowJo software. Astrios 

(Becton Dickinson) cell sorter was used for cell sorting.  

 

 

Table 2-1:  Flow cytometry antibody list. 

Antibodies Fluorochrome Source Catalog No. 

CD34 Alexa Fluor 647 BD 560230 

CD133 PE eBiosciences 12133182 

CD133 PE-Cy7 BioLegend 141210 

Kit (c-kit) Brilliant Violet 421 BioLegend 1058282 

Sca1 (Ly-6A/E) APC-Cy7 BioLegend 108126 

Sca1 (Ly-6A/E) FITC Biolegend 108106 

Phospho-Stat5 Alexa Fluor 647 BD 562074 

F4/80 PE-Cy7 Biolegend 123114 

CD16/32 N/A Biolegend 101302 
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Epo and PGE2 ELISA assay 

Peripheral blood was collected by cardiac puncture and transferred to serum separator 

tubes (BD). Serum samples were separated by centrifuge, collected and stored at -80 ˚C before 

use. Serum Epo concentrations were measured by Mouse Erythropoietin Quantikine ELISA Kit 

(R&D systems). Spleens were collected and weighed on indicated days after BMT. Cells were 

homogenized in PBS and PGE2 levels were measured by ELISA immediately. Splenic and serum 

PGE2 concentrations were measured by Prostaglandin E2 Express EIA Kit (Cayman Chemical 

Company) and Prostaglandin E2 Metabolite EIA Kit (Cayman Chemical Company), respectively. 

 

Quantitative reverse transcription PCR (RT-qPCR)  

Total RNA was isolated by using TriZol reagent (Invitrogen). Complementary DNA 

(cDNA) was generated by using the qScript cDNA SuperMix (Quanta Biosciences). qPCR was 

done by using StepOnePlus Real-Time PCR System (Applied Biosystems). A list of TaqMan 

probes is provided in supplemental Table 2-2.  

Table 2-2:  TaqMan probe list. 

Gene Catalog No. 

18s Hs99999901_s1 

EpoR Mm00833882_m1 

Wnt1 Mm01300555_g1 

Wnt2 Mm00470018_m1 

Wnt2b Mm00437330_m1 

Wnt3 Mm03053665_s1 
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Wnt3a Mm00437337_m1 

Wnt4 Mm01194003_m1 

Wnt5a Mm00437347_m1 

Wnt5b Mm01183986_m1 

Wnt6 Mm00437353_m1 

Wnt7a Mm00437354_m1 

Wnt7b Mm01301717_m1 

Wnt8a Mm01157914_g1 

Wnt8b Mm00442107_m1 

Wnt9a Mm00460518_m1 

Wnt9b Mm00457102_m1 

Wnt10a Mm00437325_m1 

Wnt10b Mm00442104_m1 

Wnt11 Mm00437328_m1 

Wnt16 Mm00446420_m1 

Wnt2b(human) Hs00921614_m1 

Wnt8a(human) Hs00230534_m1 

Hpgds Mm00479846_m1 

PPAR Mm00440940_m1 

Ptges Mm00452105_m1 
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Gene Set Enrichment Analysis (GSEA)  

Microarray data transcriptomics analysis was done previously2. The data were deposited 

into NCBI’s Gene Expression Omnibus (GEO) for public access via GEO accession number, 

GSE122390. Gene expression profile was visualized by Transcriptome Analysis Console (TAC) 

software (Affymetrix). Normalized dataset was also processed with Gene Set Enrichment 

Analysis (GSEA) in order to determine statistically differentially expressed gene sets in the two 

groups of SEPs. Hallmark gene sets were accessed from Molecular Signatures Database 

(MSigDB). 

 

Statistics 

Quantitative data were represented as means  SEM. Statistical analysis was described in 

figure legends. Significant level was set as =0.05. ns, not significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

2.3 Results 

Epo/Stat5 signaling is required for macrophage regulated SEP development  

The most immature CD34+CD133+KS SEPs rapidly proliferate in the spleen during the 

initial stage of recovery from bone marrow transplantat (BMT). This expansion occurs prior to 

increased Epo production in kidney4, 5. The expansion of this population is recapitulated in vitro 

when bone marrow cells are cultured in stress erythropoiesis expansion media (SEEM) that lacks 

Epo5. Although Epo induces the immature SEPs to commit to differentiation, the cells express 



50 

 

very low amounts of Epo receptor (EpoR) mRNA (Figure 2-1A), which is consistent with 

previous work showing that these progenitors were unable to generate stress BFU-E colonies 

when plated in methylcellulose media containing Epo5. These findings suggest that the target of 

Epo is not the immature SEPs. In contrast, primary F4/80+ macrophages isolated from spleen and 

in vitro cultured bone marrow derived macrophages (BMDMs) expressed significant levels of 

EpoR mRNA (Figure 2-1A). The expression levels were not as high as the more mature SEPs, 

CD34negCD133negKit+Sca1+ cells (CD34-CD133-KS SEPs), that are able to differentiate. 

However, this observation is consistent with recent work showing that EpoR expression marks 

the EBI macrophages13, 14. Treatment of BMDMs with Epo induces Stat5 phosphorylation as 

measured by flow cytometry and immunofluorescence (Figure 2-1B). Primary spleen F4/80+ 

macrophages treated with Epo induced Stat5 phosphorylation and that signal was lost in Stat5 

macrophages (Figure 2-1C). To demonstrate a role for EpoR/Stat5 signaling in macrophages in 

regulating the transition to committed erythroid progenitors, we cultured wildtype 

CD34+CD133+KS cells on control Stat5fx/fx or mutant Stat5 macrophages for 5 days and then 

added Epo to the cultures. The CD34+CD133+KS SEPs grown on control macrophages matured 

into CD34-CD133-KS cells, while the CD34+CD133+KS grown on mutant BMDMs failed to 

transition (figure 2-1D). This failure to mature was also evident when the cells were plated for 

stress BFU-Es. Cells grown on Stat5 macrophages were unable to generate BFU-E colonies 

when cultured in Epo alone condition. They also produced significantly fewer colonies when 

plated in media containing Epo + SCF + BMP4 at 2% O2. This culture condition maximizes the 

SEP potential of generating stress BFU-Es. (Figure 2-1E). However, the SEPs generated with the 

mutant macrophages were not defective as transplant of purified SEPs generated with control or 

Stat5 BMDMs were equally able to provide short-term radioprotection (Figure 2-1F).  
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To assess the role of Epo/Stat5 dependent signaling in the splenic niche, we treated 

congenic CD45.1+ mice with clodronate liposomes to eliminate resident splenic macrophages. 

We then transferred purified Stat5fx/fx or Stat5 Ly6C+Ly6G-CD11b+CD45.2+ monocytes into 

the clodronate treated mice10, 15. These mice were then treated with phenylhydrazine (PHZ) to 

induce anemia. At 48 hours after treatment, Stat5 and Stat5fx/fx contributed to similar 

percentages of donor derived immature EBIs (F4/80+CD133+Ter119lo/neg), but Stat5 

monocytes contributed to significantly fewer mature EBIs (F4/80+CD133 lo/negTer119+). 

However, by 72 hours after treatment, the difference in mature EBIs was lost, which may reflect 

that the signals induced by Epo signaling in recipient derived macrophages rescued the Stat5 

mutant phenotype (Figure 2-1G).  Analysis of the EBIs by imaging flow cytometry showed that 

Stat5 EBIs had fewer associated Ter119+ cells (Figure 2-1H, 2-1I). These differences in EBIs 

occurred despite the observation that serum Epo concentrations in recipients that received mutant 

or control monocytes were not different at 48 or 72 hours (Figure 2-1J). These data were 

consistent with BMT experiments. During recovery from BMT, the splenic niche contains both 

recipient derived and donor derived monocytes and macrophages10. Transplanting control 

unfractionated bone marrow into a Stat5 recipient mouse led to a defect in erythroid short-term 

radioprotection. However, the most severe phenotype was observed when Stat5donor cells 

were transplanted into Stat5 recipients. These mice failed to reach normal hematocrit levels by 

24 days after transplant (Figure 2-1K). These data suggest that loss of Epo/Stat5 dependent 

signaling in recipient and donor derived monocytes and macrophages compromises stress 

erythropoiesis.   
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Figure 2-1: Differentiation of SEPs requires activation of macrophages through Epo-
dependent Stat5 activation. 

(A). mRNA expression of EpoR in sorted SEPs (CD34+CD133+KS and CD34-CD133-KS), 

BMDMs and sorted primary F4/80+ spleen macrophages (spleen ). Student t-test (2-tailed). 

Data represent means  SEM. * p<0.05, ** p< 0.01.  

(B). Immunocytochemistry analysis of co-localization of phosphorylated Stat5, F4/80 and DAPI 

in BMDMs (Left). Flow cytometry analysis of phosphorylated Stat5 in BMDMs treated ± Epo 

(Right).  

(C). Flow cytometry analysis of Stat5 phosphorylation in F4/80+ spleen macrophages isolated 

from Stat5fx/fx or Stat5/ mice treated ± Epo.  

(D). Flow cytometry analysis of CD34+CD133+KS SEPs co-cultured with Stat5fx/fx BMDMs or 

Stat5/ BMDMs. CD34 and CD133 expression is shown on cells gated on Kit+Sca1+.  

(E). Stress BFU-E colony number (left) and representative BFU-E morphology (right) of SEPs 

co-cultured with Stat5fx/fx BMDMs or Stat5/ BMDMs. Student t-test (2-tailed). Data represent 

means ± SEM. ** p< 0.01.  

(F). Sorted CD34+CD133+KS donor bone marrow cells were cultured on Stat5fx/fx or Stat5/ 

BMDMs in SEEM media. Lethally irradiated C57BL/6 recipient mice were transplanted with 

5,000 cultured CD34+CD133+KS donor cells. n=5 mice per group 

(G). Quantification of flow cytometry analysis of early stage F4/80+CD133+Ter119lo/neg EBIs 

and late stage F4/80+CD133lo/negTer119+ EBIs after 48 hours PHZ treatment (left) and 72 hours 

PHZ treatment (right). F4/80, CD133 and Ter119 expressions are shown on aggregates gated on 
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Macrophage-derived Wnt/β-catenin signaling promotes SEP proliferation  

These observations support a role for Epo signaling in macrophages in promoting the 

transition from proliferating SEPs to differentiating SEPs. During liver regeneration, 

macrophages express canonical Wnt signals, which influence neighboring hepatic progenitor cells 

by promoting their proliferation and determining their developmental fate16. We tested whether 

Wnt signaling plays a similar role in stress erythropoiesis. First, we examined the mRNA 

expression of canonical and non-canonical Wnts in both in vitro cultured BMDMs in response to 

Epo stimulation and in primary F4/80+ spleen macrophages isolated at different days post BMT. 

Non-canonical Wnts did not exhibit significant changes in expression (Figure 2-2A). In contrast, 

the expression of most canonical Wnts exhibited significant fluctuations in response to Epo in 

vitro and in vivo. Wnt2b, Wnt7, Wnt8a and Wnt9b exhibited the most significant changes in 

expression (Figure 2-2A, 2-2B). To further characterize the role of Wnt signaling in stress 

erythropoiesis in more detail, we focused on two canonical Wnts, Wnt2b and Wnt8a, which 

showed a sensitive response to Epo in vitro and in vivo. Analysis of Wnt2b and Wnt8a mRNA 

expression in the spleen following BMT showed that the two Wnt ligands peaked at day 4 after 

transplant and rapidly decreased by day 6. The decrease in expression of Wnt2b and Wnt8a 

corresponded to the increase in serum Epo concentration that peaked at day 6. Additionally, the 

expression of Wnt2b and Wnt8a remained repressed while Epo levels are elevated during the 

recovery (Figure 2-2C). Furthermore, isolated murine F4/80+ spleen macrophages treated with 

CD45.2+ (donor). Student t-test (2-tailed). Data represent means ± SEM. * p< 0.05, ns, not 

significant. 
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Epo rapidly decreased the expression of Wnt2b and Wnt8a (Figure 2-2D left). However, splenic 

macrophages isolated from Stat5 mice were unable to decrease Wnt2b and Wnt8a expression in 

response to Epo stimulation (Figure 2-2E).  We extended these observations to human stress 

erythropoiesis. Unfractionated human bone marrow cells cultured in SEEM expressed Wnt2b and 

Wnt8a mRNA, whereas these expression levels were significantly decreased within 24 hours after 

Epo treatment (Figure 2-2D right). These observations demonstrate that Epo negatively regulates 

the expression of Wnt2b and Wnt8a.   

Our observation that Wnt2b and Wnt8a expression occurs prior to the Epo induced 

transition to differentiation suggested that Wnt signaling may play a role in the expansion of 

immature SEP populations. To investigate this possibility, we performed in vitro stress 

erythropoiesis expansion cultures and manipulated canonical Wnt signaling. Murine bone marrow 

cells cultured in SEEM media were treated with and without BIO, a GSK3 inhibitor that activates 

canonical Wnt signaling17. Addition of BIO to the cultures resulted in an expansion of the 

CD34+CD133+KS population of early SEPs and maintained this population even when Epo was 

added to the culture (Figure 2-2F). BIO also blocked the Epo-dependent development of stress 

BFU-Es in these cultures (Figure 2-2G). However, this block to differentiation was reversible. 

When immature CD34+CD133+KS SEPs expanded in SEEM + BIO cultures were switched to 

SEEM + Epo media lacking BIO, these cultures responded to Epo and induced differentiation 

into stress BFU-Es. Treatment with BIO resulted in an increased frequency of stress BFU-Es 

when compared to cultures that were not expanded in BIO (Figure 2-2H). In contrast, when we 

inhibited Wnt signaling with WIF1, which binds to Wnt proteins and inhibits their activity18, we 

observed a significant increase in the frequency of stress BFU-Es in the absence of Epo. When 

WIF1 was added to SEEM + Epo culture, we observed an increase in stress BFU-E frequency 

over the addition of Epo alone (Figure 2-2I).  
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β-catenin dependent transcription is a hallmark of canonical Wnt signaling19, 20. To 

further demonstrate a role for Wnt signaling in the proliferation of SEPs, we analyzed the effects 

of blocking Wnt signaling by using a conditional allele of β-catenin, that could be deleted in 

culture using a tamoxifen inducible Cre (-cateninfx/fx;Rosa-CreERT)21, 22. Previously, we showed 

that labeling bone marrow cells cultured in SEEM with the fluorescent membrane dye PKH26, 

allowed us to identify a faster dividing PKH26low and a slower dividing PKH26high population of 

SEPs. PKH26low cells are more mature SEPs (CD34-CD133-KS), while PKH26high cells are 

corresponded primarily to CD34+CD133+KS SEPs23. We analyzed cell proliferation by labeling 

-catenin and control cells with PKH26 and cultured the cells for 5 days. We observed a 

substantially lower proliferation rate in β-catenin SEPs. When we analyzed specific SEP 

subpopulations, all populations exhibited significant decreases in cell proliferation with the 

greatest effect on the more mature faster dividing populations (Figure 2-3A). Gene set enrichment 

analysis showed that PKH26low cells were positively correlated for Wnt signaling and target genes 

increased by -catenin24 (Figure 2-3B).Deleting -catenin in a bone marrow culture could also 

potentially affect Wnt dependent signaling in the stroma. To control for stromal effects, we plated 

equal number of GFP+ control and -cateninfx/fx;Rosa-CreERT bone marrow cells in a co-culture 

system. The cells were expanded in SEEM for 2 days followed by 4-hydroxytamoxifen (4-OHT) 

treatment for 24 hours. Then cells were washed and cultured in SEEM for 2 additional days. We 

compared the proliferation of GFP+ control cells with the -catenin (GFP-) cells. Prior to 4-

OHT treatment, nearly equal proportions of GFP+ and GFP- cells were observed in the culture. 

However, after deletion of -catenin, the proportion of GFP-;-catenin cells was significantly 

lower than GFP+ control cells (Figure 2-3C). Analysis of the SEP populations showed that the 

GFP-;-catenin cells contained a similar percentage of CD34+CD133+KS cells, but the 

percentages of more mature progenitors, CD34-CD133-KS cells, were decreased similar to what 
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we observed in Figure 2-3A (Figure 2-3D). Furthermore, the total numbers of these populations 

were all severely decreased (Figure 2-3D). Switching the cultures to Epo containing stress 

erythropoiesis differentiation media (SEDM) led to significantly fewer stress BFU-Es in the GFP-

;-catenin cells when compared to the GFP+ control cells (Figure 2-3E). These data 

demonstrate that mutating -catenin leads to defects in the proliferation of immature SEPs 

severely impacts the ability of committed progenitors to generate erythrocytes. 

We next extended this in vitro analysis to an in vivo stress erythropoiesis model, 

erythroid short-term radioprotection after BMT. Donor cells rapidly proliferate in the spleen 

resulting in increased spleen weights after transplant4, 5. However, mice transplanted with 

unfractionated -catenin bone marrow cells exhibited significantly smaller spleens and had 

fewer donor derived cells during the recovery period (Figure 2-3F). This defect manifested as a 

significantly delayed erythroid recovery, but the recovery of WBC counts was not different from 

control transplanted mice (Figure 2-3 G-J). The slow generation of new erythrocytes was a result 

of a defect in the production of stress BFU-Es in the spleen (Figure 2-3K). Donor bone marrow 

cells contribute to the microenvironment as well as SEPs. To control for the effects of mutating 

-catenin on the microenvironment, we transplanted purified immature CD133+Kit+Sca1+ -

cateninor -cateninfx/fx SEPs with an equal number of GFP+ wildtype SEPs into irradiated 

recipients. Mutant and control SEPs homed to the spleen with similar efficiency at 24 hours after 

transplant (Figure 2-4A). Mice transplanted with mutant SEPs showed decreased survival as only 

50% survived to 8 days (Figure 2-4B). Expansion of CD133+Kit+Sca1+ SEPs and CD133-

Kit+Sca1+ SEPs were significantly decreased in the mutant transplants (Figure 2-4C), which lead 

to decreased spleen weight, hematocrit and hemoglobin concentration (Figure 2-4 D-H). In 

addition, RBC counts were less but not significantly decreased, but WBC counts were similar. 

The extent of the anemia induced a higher level of serum Epo concentration in the mutant 
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transplants (Figure 2-4I). Taken together, these data show that mutation of -catenin in SEPs 

impairs their proliferation, which compromises short-term radioprotection after BMT. 
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Figure 2-2: Epo negatively regulates Wnt signaling, which promotes early SEPs expansion. 

(A). mRNA expression of canonical Wnt ligands (top) and non-canonical Wnt ligands (bottom) 

in spleen cells from day 0 to day10 after BMT. 500,000 isolated C57/BL6 bone marrow cells 

were transplanted into lethally irradiated C57/BL6 recipient. Samples were collected every 2 

days for analysis. n=2 mice per time point. One-way ANOVA. Data represent means ± SEM. * 

p< 0.05, ** p< 0.01, *** p< 0.001. 

(B). mRNA expression of canonical and non-canonical Wnt ligands in BMDMs treated ± Epo 

for 24 hours. n=3 per group. ND, not detected. Two-way ANOVA followed by Bonferroni’s 

multiple comparisons. Data represent means ± SEM. * p< 0.05, ** p< 0.01, *** p< 0.001. 

(C). ELISA analysis of serum Epo (right Y axis) and Wnt2b and Wnt8a mRNA expression (left 

Y axis) in spleen cells on indicated days post BMT. For each time point, n=3 mice per group.  

(D). Wnt2b and Wnt8a mRNA expression in sorted spleen F4/80+ macrophages treated ± Epo 

for 24 hours (Left). mRNA expression of Wnt2b and Wnt8a in unfractionated human bone 

marrow cells cultured in SEEM for 5 days then treated ± Epo for 24 hours (Right). Student t-test 

(2-tailed). Data represent means ± SEM. ** p< 0.01.  

(E). mRNA expression of Wnt2b (left) and Wnt8a (right) in ex vivo cultured spleen macrophages 

from Stat5fx/fx and Stat5/ mice treated as indicated ± Epo for 24 hours. Student t-test (2-tailed). 

Data represent means ± SEM. ** p< 0.01, **** p< 0.0001. 

(F). Representative flow cytometry analysis of CD34 and CD133 expression on Kit+Sca1+ SEPs 

from murine bone marrow cells cultured in SEEM ± 1M BIO and ± Epo. 

(G). Stress BFU-E colony assay of in vitro cultured SEPs treated ± Epo and ± BIO as shown in 

panel C. Student t-test (2-tailed). Data represent means ± SEM. * p<0.05, **** p< 0.0001.  

(H). Stress BFU-E colony assay of SEPs expanded in SEEM media + BIO. The SEPs were then 

switched into SEDM media without BIO and stress BFU-Es were assayed after 3 days. Student 

t-test (2-tailed). Data represent means ± SEM. * p< 0.05, ** p<0.01.  

(I). Stress BFU-E colony assay of SEPs expanded in SEEM ± Epo, + 100ng/ml WIF1 or treated 

with Epo + WIF1. Student t-test (2-tailed). Data represent means ± SEM. ** p<0.01, **** p< 

0.0001. 
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Figure 2-3: Macrophage-derived Wnt signaling regulates SEP proliferation through β-

catenin dependent signaling pathway. 

(A). Analysis of SEP proliferation using loss PKH26 fluorescent intensity in control -cateninfx/fx 

and -catenin bone marrow cells cultured in SEEM media. Cells were labeled with PKH26 
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after isolation and cultured in SEEM for 5 days before analysis. Representative PKH26 

fluorescence is shown for all cell populations (Top), CD34+CD133+KS (second), CD34-

CD133+KS (third), CD34-CD133-KS (bottom).  

(B). Analysis of microarray data by gene set enrichment analysis. Expression data from our 

previous microarray analysis comparing PKH26loCD133-Kit+Sca1+ (PKH26low) and 

PKH26hiCD133+Kit+Sca1+ (PKH26high) SEPs (NCBI Gene Expression Omnibus (GEO) 

accession number, GSE122390). Normalized datasets were processed with Gene Set Enrichment 

Analysis (GSEA) in order to determine statistically differentially expressed gene sets in the two 

groups of SEPs. Hallmark gene sets were accessed from Molecular Signatures Database 

(MSigDB). Targets up-regulated by -catenin (Left) and Reactome Signaling by Wnt (right).  

(C) -cateninfx/fx;Rosa26-CreERT bone marrow cells were co-cultured with GFP+ control bone 

marrow cells (1:1 ratio) for 2 days then treated ± 4-OHT for 24 hours. The cells were then washed 

and plated in fresh SEEM without 4-OHT for 2 days. Proportion (left) and total cell number 

(right) of GFP+ population (control cells) versus GFP- population (-catenin cells) in co-

culture. Student t-test (2-tailed). Data represent means ± SEM. ns, not significant, *** p< 0.001, 

**** p< 0.0001.  

(D). Flow cytometry analysis of 4-OHT treated co-cultures described in panel C. Proportion 

(left) and total cell number (right) of CD34+CD133+KS population (GFP+ or GFP-) and CD34-

CD133-KS population (GFP+ or GFP-). Student t-test (2-tailed). Data represent means ± SEM. 

ns, not significant, ** p< 0.01, **** p< 0.0001. 

(E). Production of stress BFU-Es by -catenin SEPs. Co-cultures as described in panel C were 

switched into SEDM media and cultured for 3 days, after which GFP+ cells and GFP- SEPs 

were isolated by FACS and plated for stress BFU-Es. Student t-test (2-tailed). Data represent 

means ± SEM. ** p< 0.01.  

(F-K). Analysis of erythroid short-term radioprotection after BMT with -catenin or control 

unfractionated donor bone marrow cells. 500,000 bone marrow cells isolated from -

cateninfx/fx;Rosa-CreERT or -cateninfx/fx control mice were treated with 4-OHT for 24 hours 

before transplanted to lethally irradiated C57BL/6 recipients. (F). Analysis of spleen weight 

(left), total spleen cell number (right). (G). Analysis of hematocrit during the recovery time. 

(H). Analysis of RBC count. (I). Analysis of hemoglobin level. (J). Analysis of WBC count. 

(K). Analysis of stress BFU-Es in the spleen on the indicated days after transplant. For each 

time point, n=3 mice per group. 
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Figure 2-4: β-catenin dependent signaling pathway is required for SEP proliferation.  

Analysis of erythroid short-term radioprotection after BMT by sorted -catenin and control 

SEPs. 50,000 GFP cells and 50,000 sorted CD133+KS cells isolated from -cateninfx/fx or -

catenin mice were transplanted to lethally irradiated CD45.1 C57BL/6 recipients.  

(A) Flow cytometry analysis of donor SEP homing on day 1 after BMT. CD133, Kit and Sca1 

expressions are shown on cells gated on GFP-CD45.2+. 

(B). Survival of recipients received -cateninfx/fx or -catenin CD133+KS cells. n=9 mice per 

group.  

(C). Flow cytometry analysis of donor derived GFP- SEPs in spleen on day 8 after BMT. Student 

t-test (2-tailed). Data represent means ± SEM. * p<0.05, ** p< 0.01.  

(D). Analysis of spleen weight on day 8.  
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Epo induces the production of the PPAR ligand, Δ12-PGJ2, to inhibit macrophage Wnt 

expression 

Epo signaling in macrophages resolves inflammation25, 26 and promotes the clearance of 

dead cells by increasing the expression of PPAR expression27. Additionally, PPAR has been 

shown to antagonize Wnt signaling28, 29. We tested whether Epo treatment of BMDMs could 

induce PPAR expression. Treatment over a 72-hour time course led to a 10-fold increase in 

PPAR expression. PPAR is a nuclear hormone receptor that responds to known endogenous and 

synthetic ligands. Hematopoietic prostaglandin D synthase (HPGDS) is an enzyme downstream 

of cyclooxygenases that generates prostaglandin D2, which is non-enzymatically converted to 

delta-12-prostaglandin J2 (12-PGJ2) and its metabolite 15-deoxy-12,14-prostaglandin J2 (15d-

PGJ2) by dehydration30. 12-PGJ2 and 15d-PGJ2 are endogenous PPAR ligands31, 32. BMDMs 

treated with Epo also showed a 3-fold increase in HPGDS expression, which correlated with 

increased levels of 12-PGJ2 in the media (Figure 2-5A). Stat5 mice fail to produce 12-PGJ2 in 

response to Epo further demonstrating that Epo induces the production of these PPAR ligands 

(Figure 2-5B). The observed increase in PPAR expression requires the production of 12-PGJ2 as 

(E). Analysis of hematocrit on day 8.  

(F). Analysis of hemoglobin level on day 8.  

(G) Analysis of RBC count on day 8.  

(H) Analysis of WBC count on day 8.  

(I). Serum Epo level measurement by ELISA on day 8 after BMT. Student t-test (2-tailed). Data 

represent means ± SEM. * p< 0.05. 
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blocking HPGDS activity with the inhibitor HQL7933 abrogated the Epo dependent increase in 

PPAR expression (Figure 2-5C). Treatment of cultures with the synthetic PPAR ligand, 

pioglitazone34, was as effective as Epo treatment in repressing the expression of Wnt2b and 

Wnt8a. In contrast, the PPAR antagonist GW966235 blocked the ability of Epo to decrease Wnt 

expression as did inhibiting 12-PGJ2 production with HQL79 (Figure 2-5D). We extended this 

analysis to human BMDMs and showed that Epo increased the production of 12-PGJ2 at both 48 

hours and 72 hours in each of 4 distinct human bone marrow samples. Similarly, pioglitazone was 

as effective as Epo treatment in repressing Wnt2b and the effect of Epo was blocked by GW9662 

and HQL79 in the human BMDMs (Figure 2-5E). Unlike human stress erythropoiesis cultures 

(Figure 2-2D right panel), Wnt8a expression was not detectable in human BMDM cultures. These 

data demonstrate that Epo signaling promotes the production of 12-PGJ2, which in turn leads to 

the PPAR dependent repression of Wnt2b and Wnt8a expression. 

We next tested whether altering PPAR activity affects the expansion and transition to 

differentiation in in vitro stress erythropoiesis cultures. Culturing SEPs in SEEM in presence of 

pioglitazone resulted in decreased percentages of the most immature CD34+CD133+KS SEPs 

coupled with an increase in more mature CD34-CD133-Kit+Sca1- (CD34-CD133-K+S-) SEPs 

(Figure 2-6A). Furthermore, when SEPs were switched to stress erythropoiesis differentiation 

media (SEDM), addition of GW9662 blocked the transition and led to an increased percentage of 

immature CD34+CD133+KS SEPs (Figure 2-6B). When we assayed stress BFU-E formation, 

pioglitazone increased the frequency of stress BFU-Es in the absence of Epo, while GW9662 or 

HQL79 blocked the Epo dependent increase in stress BFU-Es (Figure 2-6C). These data show 

that PPAR acts downstream of Epo to promote the SEP transition to differentiation by 

antagonizing Wnt signaling during stress erythropoiesis.       
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Figure 2-5: Epo dependent PPARγ signaling represses Wnt signaling. 

(A). mRNA expression of HPGDS and PPAR (right Y axis) and liquid chromatography–

tandem mass spectrometry (LC-MS/MS) analysis of extracellular 12-PGJ2 (left Y axis) of 

mouse BMDMs at indicated time points after Epo treatment. One-way ANOVA followed by 

Dunnett’s multiple comparisons. Data represent means ± SEM. * p< 0.05, ** p< 0.01, *** p< 

0.001. * represent P values of comparisons between indicated time points and 0 time point. Red 

stars*, HPGDS. Blue stars*, PPAR. Black stars*, 12-PGJ2. n=3 per time point.  
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(B). LC-MS/MS analysis of extracellular 12-PGJ2 in Stat5fx/fx and Stat5 BMDMs at the 

indicated times after Epo treatment. Two-way ANOVA followed by Bonferroni’s multiple 

comparisons. Data represent means ± SEM. * p< 0.05. 

(C). mRNA expression of PPAR in mouse BMDMs treated ± Epo or Epo + 25M HQL79 

(HPGDS antagonist). Student t-test (2-tailed). Data represent means ± SEM. *** p< 0.001, **** 

p< 0.0001.  

(D). mRNA expression of Wnt2b (left) and Wnt8a (right) in mouse BMDMs treated with Epo, 

1M Pio (Pioglitazone, PPAR agonist), 1M GW (GW9662, PPAR antagonist) or HQL79 as 

indicated. Student t-test (2-tailed). Data represent means ± SEM. * p< 0.05, ** p< 0.01, *** p< 

0.001.  

(E). LC-MS/MS analysis of extracellular 12-PGJ2 of human BMDMs on the indicated time 

points before and after Epo treatment (Left). mRNA expression of Wnt2b in human BMDMs 

treated with Epo, Pio, GW or HQL-79 as indicated (Right). Student t-test (2-tailed). Data 

represent means ± SEM. * p< 0.05, ** p< 0.01. 
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Figure 2-6: Epo-dependent PPARγ signaling promote SEP differentiation. 

Analysis of the effects of manipulating PPAR signaling in in vitro stress erythropoiesis cultures. 

Unfractionated bone marrow cells were cultured in SEEM or SEDM with indicated treatments 

(A). Flow cytometry analysis of in vitro cultured SEPs in SEEM ± 1M Pio. Percentage of 

CD34+CD133+KS SEPs and CD34-CD133-K+S- SEPs in total cell population (Left). Total cell 

numbers after culture (Right). Student t-test (2-tailed). Data represent means ± SEM. * p< 0.05. 

(B). Flow cytometry analysis of in vitro cultured SEPs in SEDM with or without 1M GW. 

Percentage of CD34+CD133+KS SEPs in total cell population (Left). Total cell numbers after 

culture (Right). Student t-test (2-tailed). Data represent means ± SEM. ** p< 0.01.  
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Epo-dependent production of PGE2 promotes differentiation of SEPs. 

In addition to PGJ2, other bioactive eicosanoids are generated by synthases acting 

downstream of cyclooxygenases 1 and 2 (COX-1, COX-2) 36. We observed that Epo treatment of 

murine BMDMs increased the expression of prostaglandin E synthase (PTGES or mPGES-1). 

PGE2 is known to promote the generation of erythroid and multilineage progenitor cells, which 

suggests that PGE2 may play a role in regulating differentiation of SEPs37-40. We examined PGE2 

production in murine BMDMs after Epo treatment and observed a significant increase in PGE2 

production at 48 hours and 72 hours after Epo treatment, which was synchronized with the 

increased mRNA expression of PTGES (Figure 2-7A). These data show that PGE2 and Δ12-PGJ2 

were produced simultaneously from macrophages, implying that Epo regulates both 

prostaglandins in parallel. In vivo, during the recovery from BMT, PGE2 production in the spleen 

follows the increase in serum Epo levels (Figure 2-7B). Furthermore, human BMDMs derived 

from 4 distinct donors each showed increased extracellular PGE2 after Epo treatment. (Figure 2-

7C). Although Epo appears to increase both PGJ2 and PGE2 simultaneously, PGE2 had no effect 

on the expression of Wnt2b and Wnt8a (Figure 2-7D). Similarly, PPARγ dependent repression of 

Wnt signaling does not affect the increase in PGE2 production. When we examined PTGES 

expression in cells cultured with the PPARγ antagonist GW9662 or the Wnt pathway activator 

BIO. PTGES was consistently increased in SEDM regardless of whether the cells were treated 

(C). Stress BFU-E colony assay of in vitro cultured SEPs expanded in SEEM and then treated 

with Epo, Pio, GW or HQL-79 as indicated. Student t-test (2-tailed). Data represent means ± 

SEM. ns, not significant, * p< 0.05, ** p< 0.01. 
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with GW9662 or BIO. The data demonstrate that PGE2 production is directly regulated by Epo 

and is not a consequence of increased Δ12-PGJ2 (Figure 2-7E). To define the function of PGE2 

in regulating development of SEPs, we analyzed the effects of PGE2 treatment on SEPs in vitro. 

Addition of 16,16-dimethyl-PGE2 (dmPGE2) to bone marrow cells cultured in SEEM media 

decreased the percentage of the most immature SEPs (CD34+CD133+KS cells) (Figure 2-7F). In 

contrast, when we inhibited PTGES with CAY10526 in cells grown in SEDM, we observed a 

significant decrease in total cell number accompanied with a moderately increased percentage of 

immature SEPs. This observation shows that there was an inhibition of differentiation when 

PGE2 production was suppressed (Figure 2-7G). Analysis of stress BFU-E production showed 

that in the absence of Epo, exogenously added dmPGE2 could induce a significant increase in 

stress BFU-Es and when dmPGE2 was added with Epo we observed a significant increase in 

stress BFU-Es over Epo alone. Conversely, if we inhibited PTGES with CAY10526, the number 

of stress BFU-Es induced by Epo was significantly decreased (Figure 2-7H). These data support a 

role for PGE2 in promoting the differentiation of stress BFU-Es that is independent of Δ12-PGJ2 

and PPARγ dependent suppression of Wnt expression. These two signals work together as 

addition of WIF1 to inhibit Wnt signaling and PGE2 to promote differentiation in SEEM induces 

a significant increase in stress BFU-Es in the absence of Epo (Figure 2-7I). 
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Figure 2-7: Epo-dependent macrophage derived PGE2 signaling enhances SEP 
differentiation. 

(A). LC-MS/MS analysis of extracellular PGE2 (left Y axis) and mRNA expression of PTGES 

(right Y axis) in mouse BMDMs at the indicated time points before and after Epo treatment. 

One-way ANOVA followed by Dunnett’s multiple comparisons. Data represent means ± SEM. 

** p< 0.01, *** p< 0.001, **** p< 0.0001. * represent P values of comparisons between 

indicated time points and 0 time point. Red stars*, PTGES. Black stars*, PGE2. n=3 per time 

point.  

(B). ELISA analysis of serum Epo and spleen PGE2 on indicated days after BMT. 500,000 

unfractionated bone marrow cells were transplanted to C57BL/6 recipients. For each time point, 

n=3 mice per group.  

(C). LC-MS/MS analysis of extracellular PGE2 of human BMDMs on the indicated time points 

before and after Epo treatment. Student t-test (2-tailed). Data represent means ± SEM.  

(D). mRNA expression of Wnt2b (left) and Wnt8a (right) in BMDMs treated with Epo, PGE2 or 

mPGESi as indicated for 24 hours. Student t-test (2-tailed). Data represent means ± SEM. ns, 

not significant. 

(E). mRNA expression of PTGES in BMDMs treated with Epo, GW or BIO as indicated. Student 

t-test (2-tailed). Data represent means ± SEM. ns, not significant. 

(F and G). Analysis of manipulating PGE2 signaling in in vitro SEP cultures. (F). SEPs cultured 

in SEEM were treated ± 50 nM 16,16-dimethyl PGE2 (PGE2). Flow cytometry analysis of in 

vitro cultured SEPs. Percentage of CD34+CD133+KS SEPs in total cell population (Left). Total 

cell numbers after culture (Right). (G). SEPs were cultured in SEDM ± 10 M CAY10526 

(mPGESi, the PTGES inhibitor). Flow cytometry analysis of in vitro cultured SEPs. Percentage 

of CD34+CD133+KS SEPs in total cell population (Left). Total cell numbers after culture 

(Right). Student t-test (2-tailed). Data represent means ± SEM. ns, not significant, * p< 0.05, 

*** p< 0.001.  

(H and I). Stress BFU-E colony assay of in vitro cultured bone marrow cells. Cells were 

expanded in SEEM and treated with Epo, PGE2, mPGESi or WIF1 as indicated. Student t-test 

(2-tailed). Data represent means ± SEM. ** p< 0.01, *** p< 0.001, **** p< 0.0001.  
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2.4 Discussion  

In contrast to steady state erythropoiesis, stress erythropoiesis is not a continuous process. 

Progenitor cells proliferate in the spleen and then synchronously differentiate to generate a wave 

of new erythrocytes. Furthermore, it takes 21 days before a second wave of erythrocytes can be 

generated8. Precise regulation of the proliferation and differentiation of SEPs is required to 

generate enough erythrocytes to maintain homeostasis. Here we have identified a novel paradigm 

where Epo produced by the kidney alters signals produced by the splenic niche to induce 

differentiation. Macrophage-derived canonical Wnt ligands increase at the early stage of stress 

erythropoiesis. These signals in combination with previously identified factors, SCF, BMP4, 

GDF15 and Hedgehog, drive the efficient proliferation of immature SEPs. These observations fit 

previous data showing that BMP and Wnt dependent transcription factors work in concert with 

lineage specific transcription factors during regeneration41. Epo acts on the splenic niche to 

switch the predominant niche signal from proliferation to differentiation. Niche macrophages 

produce lipid messengers in response to Epo. Increased 12-PGJ2 production activates PPAR 

activity, which inhibits the expression of canonical Wnts and decreases proliferation. 

Subsequently, increased PGE2 production promotes differentiation. The central player in this 

transition to differentiation is Epo signaling, which orchestrates arachidonic acid metabolism in 

macrophages to generate distinct bioactive eicosanoids (Figure 2-8). 

These data also underscore the key role of macrophages in the niche. The correlation 

between macrophages and erythroid progenitor cells has been intensively studied since EBIs were 

first reported by Marcel Bessis42-45. Depletion of macrophages severely compromises stress 

erythropoiesisin vitro and in vivo5, 9, 11. The splenic niche expands with the proliferation of SEPs. 

Anemic stress induces pro-inflammatory signals that induce tissue resident red pulp macrophages 

to recruit monocytes into the spleen. Lineage tracing analysis showed that the recruited 
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monocytes contribute to the majority of the EBIs. These monocytes mature in concert with the 

SEPs. Immature SEPs are present in EBIs containing a central macrophage expressing more 

monocyte-like markers, while late stage progenitors interact with EBIs containing cells 

expressing red-pulp macrophage markers10, 23. These data coupled with our findings suggest that 

there is coordinate regulation of niche development, the expansion and differentiation of SEPs 

and the expression of Epo in the kidney, which ensures that the timing of niche maturation and 

expansion of SEP populations is optimal to generate erythrocytes to maintain homeostasis.  

Recent work from Li et al. showed that EBI niche macrophages are characterized by their 

expression of EpoR13. Our data are consistent with those observations and suggest that Epo 

dependent signaling in EBIs plays a key role in regulating proliferation and differentiation of 

SEPs. However, this observation also points to the potential for aberrant EpoR signaling in 

macrophages to contribute to the pathology of hematological disease. Expression of the Jak2V617F 

protein in myeloid cells causes erythrocytosis and expansion of EBIs in the splenic niche 

suggesting that enhanced EpoR signaling in macrophages contributes to the development of 

myeloproliferative disease46. This role for pathological macrophage signals was further 

demonstrated when depletion of macrophages was shown to alleviate the erythrocytosis in a 

murine model of Polycythemia9, 11. These defects in regulation by niche macrophages is not 

limited to over production of erythrocytes. The anemia in murine beta-thalassemia model 

(Hbbth3/+ mice) is characterized by inefficient erythropoiesis and the accumulation of immature 

erythroid progenitors. Depletion of macrophages with clodronate liposomes ameliorates the 

disease suggesting that the inefficient erythropoiesis in Hbbth3/+ mice results from improper 

macrophages dependent regulation of differentiation11. These data highlight the crucial role of the 

macrophages in the EBI niche and underscore the potential for manipulating the niche as a 

treatment for anemia and polycythemia. 
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Figure 2-8: Schematic of Epo dependent microenvironmental signaling switch during stress 
erythropoiesis.  
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Chapter 3 

 

PERK and mTORC1 Signaling Pathways Regulated Protein Translation 

Promotes Differentiation of Stress Erythroid Progenitors 

 

Abstract 

Stress erythropoiesis is a process that rapidly generates large numbers of erythrocytes in 

response to anemic stress. The rapid proliferation and synchronous differentiation of stress 

erythroid progenitors (SEPs) requires robust translational control to support the rapid cell growth 

and the large-scale production of hemoglobin. However, the underlying mechanisms of 

translational regulation remain elusive. The protein kinase RNA-like endoplasmic reticulum 

kinase (PERK) is a eukaryotic translation-initiation factor 2 alpha (eIF2) kinase that regulates 

global protein synthesis in response to ER stress. Here we show a novel role of PERK in 

regulating erythroid differentiation. Previously, we showed that Epo induced the production of 

PGE2 by macrophages in the niche. And PGE2 promoted the differentiation of SEPs. Here we 

show that PGE2 acts by mobilizing intracellular Ca2+ stores, which activates the PERK signaling 

pathway. The ultimate target of PERK signaling is the activation of the mTORC1 complex. 

Global protein synthesis rate was dramatically increased in SEPs through PERK induced 

mTORC1 activation. The increased protein translation fuels the SEP differentiation, which 

restores erythropoietic homeostasis.  
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3.1 Introduction 

Tissue oxygenation relies on efficient oxygen transport through erythrocytes. Mature 

erythrocytes have the average lifespan of 120 days. Under homeostatic conditions, about 1% 

erythrocytes are recycled through phagocytosis and replaced by new erythrocytes daily1. This 

dynamic process maintains optimal erythrocyte concentration and oxygen delivery. Stress 

conditions like low oxygen or anemia induces an adaptive response, stress erythropoiesis. In 

mice, stress erythropoiesis mainly occurs in extramedullary sites such as spleen and liver2,3,4. 

Steady state erythropoiesis undergoes a relatively long cell fate decision path in the hematopoietic 

hierarchy1. In contrast, stress erythropoiesis shortens the process by generating a unique erythroid 

lineage committed progenitor population, the stress erythroid progenitors (SEPs), directly from 

short term reconstituting hematopoietic stem cells (ST-HSCs, CD34+Kit+Sca1+Lin-)2,5,6. The 

SEPs respond to a distinct series of signals, including bone morphogenetic protein 4 (BMP4), 

Hedgehog, stem cell factor (SCF), growth and differentiation factor 15 (GDF15), canonical Wnts, 

prostaglandin E2 (PGE2) and Erythropoietin (Epo)2,7,8,9. Orchestrated by precise coordination of 

different signals, SEPs efficiently replenish the blood system with new erythrocytes and alleviate 

tissue hypoxia. First, the most immature CD34+CD133+Kit+Sca1+ SEP population expands 

rapidly. Despite being erythroid restricted, they maintain their ability of self-renewal and express 

many stem cell markers. This immature population then gives rise to a transition population, 

CD34-CD133-Kit+Sca1+ SEPs, in response to Epo and other transition signals. The transition 

SEPs continue to differentiate and generate CD34-CD133-Kit+Sca1- stress BFU-E progenitors, 

which further mature into new erythrocytes. The high rate of generating new erythrocytes in 

stress erythropoiesis suggests a hyperactive cell division process, which requires increased 

protein translation rate. Therefore, appropriate translational regulations are crucial for stress 

erythropoiesis. 
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In response to stress, including hypoxia, iron deficiency, starvation and viral infection, an 

important signaling network termed the integrated stress response (ISR) is activated to restore 

cellular homeostasis. Activation of ISR leads to phosphorylation of eIF2 at Ser-51, which 

inhibits eIF2-GTP-Met-tRNAi
Met ternary complex formation and results in reduced initiation of 

global translation10. However, phosphorylated eIF2 (P-eIF2) selectively promotes translation 

of mRNAs contain upstream open reading frames (uORFs) in the 5’-untranslated region (5’-

UTR), such as activating transcription factor 4 (ATF4)11. ATF4 acts as main effector of ISR to 

induces the expression of genes involved in cell survival and stress adaptation. Timely 

termination of ISR, which maintains long-term homeostasis, is also required, since prolonged 

phosphorylation of eIF2 induces apoptosis. ISR is embedded with a negative feedback 

mechanism as ATF4 also promotes the expression of growth arrest and DNA damage-inducible 

protein-34 (GADD34), which regulates the dephosphorylation of eIF212. Therefore, cells are 

able to resume normal protein synthesis once stresses are resolved. The dual capability of 

attenuation and restoration of protein synthesis is the basic mechanism of the ISR. There are four 

eIF2 kinases that govern distinct environmental stresses in the ISR: Protein kinase RNA-like 

endoplasmic reticulum kinase (PERK), double-stranded RNA-dependent protein kinase (PKR), 

heme-regulated eIF2 kinase (HRI), and general control non-derepressible 2 (GCN2). PERK is 

responsible for ER stress which could be induced by various stimuli including hypoxia, increased 

reactive oxygen species and disturbance of Calcium balance13. Disruption of ER lumen 

environment leads to increased unfolded and misfolded proteins, which induced PERK dependent 

unfolded protein response (UPR). UPR reduces the protein load in ER through P-eIF2/ATF4 

mediated global translation repression and cell cycle arrest14. Also, UPR promotes ER abundance 

and potentiates ER protein folding capacity to help cells recover from the stress. Intriguingly, it 

has been reported that PERK/eIF2/ATF4 signaling pathway implements cytoprotection function 
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by activating mTORC1, which promotes protein translation and cell survival, during chronic ER 

stress15.  

Here, we identified PERK as an important mediator in regulating the rapid erythroid 

differentiation during stress erythropoiesis. In response to Epo, PERK is activated by ER Ca2+ 

depletion. The increased PERK activity promotes the protein translation by maintaining high 

mTORC1 activity in SEPs. As a result, the SEP pool is rapidly expanded through active cell 

division, which benefits from the efficient and precise translational regulation. 

 

3.2 Materials and methods 

Mice  

C57BL/6 mice, B6.SJL-Ptprca Pepcb/BoyJ mice, B6J.129(Cg)-Gt(ROSA)16Sortm1.1(CAG-

cas9*,-EGFP)Fezh/J mice (TgCas9-GFP mice) and B6;129-Gt (ROSA)26Sortm1(cre/ERT)Nat/J mice 

(Rosa26-CreERT mice) were purchased from The Jackson Laboratory. ATF4tm1Tow/J mice 

(referred to as ATF4-/- mice) were a gift from Dr. Tim M. Townes. All strains were back crossed 

onto C57BL/6 background. C57BL/6 mice with loxP sites flanking exon7-9 of PERK gene 

(referred to as PERKfl/fl mice) were obtained from Dr. Douglas R. Cavener. Homozygous 

PERKfl/fl mice were crossed with Rosa26-CreERT mice to generate PERKfl/fl;Rosa26-CreERT 

mutants (referred to as PERK-/- mice). Isolated bone marrow cells were treated with 5M 4-

hydroxytamoxifen (Sigma Aldrich) for 24 hours to induce deletion of PERK in vitro. All animal 

procedures are approved by Institutional Animal Care and Use Committee (IACUC) of the 

Pennsylvania State University. 
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Cell culture 

Isolated murine bone marrow cells were cultured in stress erythropoiesis expansion 

media (SEEM) for 5 days and switched to stress erythropoiesis differentiation media (SEDM) for 

3 days. SEEM contains Gibco IMDM (Invitrogen) supplemented with 10% fetal bovine serum 

(Gemini Bio-Products), 1% penicillin-streptomycin, 10 g/ml insulin, 200 g/ml transferrin, 

2mM L-glutamine, 0.01g/ml bovine serum albumin, 7 l/L 2-mercaptoethanol, 30 ng/ml GDF15 

(Novoprotein), 15 ng/ml BMP4 (R&D systems), 50 ng/ml SCF (Goldbio) and 25 ng/ml SHH 

(GoldBio). SEDM contains Gibco IMDM, all supplements in SEEM and 3U/ml Epo. Cells were 

incubated at 2% O2, 5% CO2 when cultured in SEDM.  

Human bone marrow mononuclear cells (MNCs) (Stemcell Technologies) were thawed at 

37°C water according to the Stemcell Technologies instructions. MNCs were enumerated and cell 

concentrations were adjusted to 5  105 cells/mL. MNCs were cultured in SEEM to expand 

human SEPs and then switched to SEDM to induce differentiation. Recombinant human factors, 

including 30 ng/ml GDF15 (R&D systems), 15 ng/ml BMP4 (R&D systems), 50 ng/ml SCF 

(Goldbio) and 25 ng/ml SHH (R&D systems), were supplemented in SEEM for human cell 

cultures. All other components and supplements were the same as murine SEEM. 3U/ml Epo was 

supplemented to human SEEM to make human SEDM. All culture conditions and procedures 

were the same murine stress erythropoiesis cultures. 

The PERK inhibitor (GSK2606414) is a gift from Dr. Douglas R. Cavener. All PGE2 

receptor antagonists are used as 10 times of the IC50. 
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Bone marrow transplant (BMT)  

For BMT, PERKfl/fl;Rosa26-CreERT bone marrow cells were isolated and cultured in 

SEEM with 4-OHT for 24 hours to generate PERK-/- cells. PERKfl/fl cells were also treated with 

4-OHT as control. Recipient mice were lethally irradiated (950 cGy) and transplanted with 

unfractionated or sorted donor bone marrow cells with indicated cell numbers. 

 

Flow cytometry and cell sorting 

Cells were collected and labeled with indicated antibodies. A list of antibodies was 

provided in supplemental Table 3-1. Dead cells were determined by zombie yellow fixable 

viability dye (BioLegend) staining. LSR-II Fortessa Flow cytometer (BD Biosciences) was used 

for flow cytometry analysis. All flow cytometry data were analyzed with FlowJo software. 

Astrios (Becton Dickinson) cell sorter was used for cell sorting.  

Table 3-1:  Flow cytometry antibody list. 

Antibodies Fluorochrome Source Catalog No. 

CD34 Alexa Fluor 647 BD 560230 

CD133 PE eBiosciences 12133182 

CD133 PE-Cy7 BioLegend 141210 

Kit (c-kit) Brilliant Violet 421 BioLegend 1058282 

Sca1 (Ly-6A/E) PE-Cy7 BioLegend 122514 

Sca1 (Ly-6A/E) FITC Biolegend 108106 

Phospho-S6 Alexa Fluor 647 eBioscience 17900742 

Phospho-4EBP1 Alexa Fluor 647 eBioscience 50910742 
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Calcium flux flow cytometry 

In vitro cultured bone marrow cells were pre-stained with viability dye and SEP markers 

before processing to Ca2+ indicator staining. Cells were resuspended in HBSS with 1% FBS at 

5x106 cells/ml. Each 1ml suspension was loaded with 1l of 4mg/ml Fluo-3 AM (ThermoFisher) 

and 1l of 10mg/ml Fura Red AM (ThermoFisher). Cells were incubated at 37for 30min. Fluo-3 

fluorescence was detected by 488 laser with 530/30 filter. The fluorescence signal of Fluo-3 is 

Ca2+ dependent. Fura Red fluorescence was detected by 488 laser with 670/14 filter. The 

fluorescence signal of Fura Red at Ex/Em 472/657nm is Ca2+ independent and serves as dye 

loading control. The Calcium positive population percentage was calculated as Calciumpos = Fluo-

3pos / (Fluo-3pos + Fura Redpos). Baseline (untreated sample) Calciumpos population percentage was 

subtracted from sample (treated with Epo or PGE2) Calciumpos population percentage to 

normalize the results.       

CellTrace CFSE cell labeling 

Bone marrow cells were isolated and immediately labeled with CellTrace CFSE by 

following the manufacture instructions (CellTraceTM Cell Proliferation Kits, Invitrogen). 

c-Myc Alexa Fluor 647 
Cell Signaling 

Technology 
13871 

ATF4 FITC Abcam Ab150236 

CD16/32 N/A Biolegend 101302 
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Labeled cells were transplanted into CD45.1 recipients. On indicated days, spleen cells were 

collected and stained with other cell surface markers before flow cytometry analysis. CFSE were 

detect by using LSR-II Fortessa Flow cytometer (BD Biosciences) with 488nm laser and 530/30 

filter. 

Stress BFU-E colony assay 

Isolated spleen cells or in vitro cultured bone marrow cells were plated in methylcellulose 

media (M3334, StemCell Technologies). Stress BFU-Es were scored after 5 days incubation. 

Stress BFU-E culture conditions and stress BFU-E colony enumeration procedures were 

previously described50. 

Western Blotting 

Western blot analysis was performed by using the following primary antibodies: anti-

phosphorylated eIF2 (#9721, Cell Signaling Technology) at 1:1000 dilution, anti-total eIF2 

(#5324, Cell Signaling Technology) at 1:1000 dilution, anti-phosphorylated PERK (#3179, Cell 

Signaling Technology) at 1:1000 dilution, anti-total PERK (#3192, Cell Signaling Technology) at 

1:1000 dilution, anti-PTGER3 (#ab21227, abcam) at 1:500, anti-β-tubulin (#2146, Cell Signaling 

Technology) at 1:2000 dilution and anti-β-actin (sc-47778, Santa Cruz Biotechnology) at 1:2000 

for overnight at 4°C. Secondary antibody was used at 1:5000 dilution.  
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CRISPR/Cas9 knockdown of PTGER3 

Lentivirus vectors were cloned with sgRNA targeting 5’- 

TGCTCGTGTCGCGCAGCTACCGG -3’ (g1) or 5’- GCTGGCGCTCACCGACTTAGTGG -3’ 

(g2) were purchased from VectorBuilder. TgCas9-GFP BM cells were transduced with lentivirus 

expressing scramble sgRNA (S), g1 sgRNA or g2 sgRNA. Transduced cells were cultured in 

SEEM and SEDM as described in cell culture section. The PTGER3 knockdown efficiency was 

determined by western blot targeting the EP3 receptor protein. 

Quantitative reverse transcription PCR (RT-qPCR)  

Total RNA was isolated by using TriZol reagent (Invitrogen). Complementary DNA 

(cDNA) was generated by using the qScript cDNA SuperMix (Quanta Biosciences). qPCR was 

done by using StepOnePlus Real-Time PCR System (Applied Biosystems). A list of TaqMan 

probes is provided in supplemental Table 3-2.  

Table 3-2:  TaqMan probe list. 

Gene Catalog No. 

18s Hs99999901_s1 

Nrf1 Mm01135606_m1 

Nrf2 Mm00477784_m1 

Gadd34 Mm01205601_g1 

CReP Mm00551747_m1 

CHOP Mm01135937_g1 

Nrf1 (Human) Hs00602161_m1 

Nrf2 (Human) Hs00975961_g1 
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3.3 Results 

Epo/PGE2 induced intracellular Ca2+ increase is required for stress erythropoiesis. 

Our previous work demonstrated that Epo induces PGE2 production in EBI macrophages. 

The upregulated PGE2 is the key transition signal that initiates the differentiation of early stage 

SEPs. When PGE2 production was blocked by adding the PGE2 synthase inhibitor in in vitro 

cultures, SEPs showed significantly fewer stress BFU-E formation (see Chapter2, Figure 2-7G). 

These observations suggest that Epo mediated microenvironmental PGE2 is required for 

differentiation of SEPs. However, the underlying mechanisms of PGE2 action remain largely 

obscure. There are four PGE2 receptors, EP1-4. Each of the receptors coupling with distinct G 

Gadd34 (Human) Hs00169585_m1 

CReP (Human) Hs03044848_m1 

CHOP(Human) Hs00358796_g1 

LAT1 Mm00441516_m1 

LAT3 Mm01336378_m1 

LARS Mm00506560_m1 

CD98 Mm00500521_m1 

ASCT2 Mm00436603_m1 

SNAT2 Mm00628416_m1 

SNAT9 Mm00724649_m1 

CAT1 Mm01219063_m1 
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proteins and activating distinct downstream signaling pathways upon PGE2 binding. EP1 receptor 

elevates intracellular Ca2+ through coupling with Gq and receptor-activated Ca2+ channels 

(RACC), which leads a calcium influx from extracellular resources. EP3 receptor coupling with 

Gi and increases inositol 1, 4, 5-trisphosphate (IP3), which causes Ca2+ mobilization from ER 

storage16. Both EP2 and EP4 receptor can activate the cyclic adenosine monophosphate (cAMP) 

and protein kinase A (PKA) signaling pathway via Gs. Whereas EP4 receptor is also able to 

activate phosphoinositide-3-kinase (PI3K) through coupling with Gi. We first examined the 

expression level of the four EP receptors in SEPs. EP1 is undetectable in SEPs. EP2, EP3 and 

EP4 had significantly higher expression in early stage CD34+CD133+Kit+Sca1+ SEPs in 

compare to the more mature CD34-CD133-Kit+Sca1+ SEPs (Figure 3-1 A-C), indicating that 

PGE2 targets the immature SEPs and promotes their differentiation. We tested whether the EP 

receptor dependent signaling pathways affect stress erythropoiesis by inhibiting each EP receptor. 

We observed that all EP receptor antagonists were able to repress the formation of stress BFU-Es 

except EP1 antagonist (Figure 3-1D). In mouse embryo, the emergence of HSCs in AGM 

depends on the PKA target, cAMP response element-binding protein (CREB), and BMP 

signaling17. As PGE2 has been demonstrated to play an important role in HSC formation and 

proliferation, the PGE2-EP2/EP4 is a potential upstream of PKA-CREB signaling pathway in 

hematopoietic system. It is important to address the possible role of EP2/EP4 mediated SEP 

proliferation in further study. Intriguingly, a recent study showed that myeloid-based HSCs have 

higher intracellular Ca2+ in compare to lymphoid-based HSCs. Furthermore, all HSCs contains 

much lower Ca2+ than MPPs and Lin-Sca1-Kit+ committed progenitors, which generate common 

myeloid, megakaryocyte-erythroid and granulocyte-macrophage progenitors18. The low 

intracellular Ca2+ in HSCs protects them from exhaustion. These observations suggest a 

mechanism that myeloid progenitors require high intracellular Ca2+ concentration to remain 

active, which may also apply to the proliferative SEPs. To explore the hypothesis, we first 
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examined the intracellular Ca2+ levels in cultured SEPs. We found that both Epo and PGE2 were 

able to increase intracellular Ca2+ levels in SEPs (Figure 3-1E). Intriguingly, PGE2 rapidly 

induced the elevation of Ca2+ within 2 hours. However, it took 48 hours to detect a significant 

increase of intracellular Ca2+ when cells were treated with Epo. These data are in line with our 

recent findings that Epo induced PGE2 production peaks from 48 hours. We next tested whether 

PGE2 induced Ca2+ through both EP1 and EP3 receptors. EP1 antagonist (SC51322) and EP3 

antagonist (L-798,106) were used to block corresponding Ca2+ mobilization pathways. We found 

that both EP1 antagonist and EP3 antagonist were able to significantly block the Ca2+ increase in 

response to both Epo and PGE2 (Figure 3-1E). Since the SEPs don’t express EP1 receptor, the 

effects of EP1 antagonist must be mediated by its effects on other cells, so we focused on the role 

of EP3 receptor in regulating Ca2+ flux. We extended the investigation to human stress 

erythropoiesis by using in vitro cultured human bone marrow (BM) mononuclear cells. Both the 

EP3 dependent Ca2+ increase and BFU-E formation in response to Epo were observed in human 

SEP cultures (Figure 3-1F, 3-1G). These observations indicate that differentiation of SEPs require 

Epo induced elevation of intracellular Ca2+ through PGE2/EP3 signaling pathway.  
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Figure 3-1: Epo dependent PGE2 regulates Ca2+ mobilization in SEPs.  

(A-C). mRNA expression of EP receptors in sorted CD34+CD133+Kit+Sca1+ SEPs 

(CD34+CD133+KS) and CD34-CD133-Kit+Sca1+ SEPs (CD34-CD133-KS). EP2 (A), EP3 

(B), EP4 (C). Student t-test (2-tailed). Data represent means ± SEM. ** p< 0.01, **** p< 0.0001. 

(D). Stress BFU-E colony assay of mouse SEPs treated with Epo ± EP receptor antagonists. 5M 

EP1 antagonist (EP1a, SC51322), 1M EP2 antagonist (EP2a, AH6809), 1M EP3 antagonist 

(EP3a, L-798,106) and 5M EP4 antagonist (EP4a, AH23848) were supplemented in SEDM as 

indicated. Student t-test (2-tailed). Data represent means ± SEM. ns, not significant, * p< 0.05, 

** p< 0.01. 
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Intracellular Ca2+ flux activates PERK signaling pathway 

PERK kinase is known can be activated by mobilization of ER  Ca2+ stores in various 

tissues 19,20. Our observation that Epo/PGE2 mobilizes ER Ca2+ suggests that PGE2/EP3 dependent 

intracellular Ca2+ flux may affect PERK activity in SEPs. In order to confirm the increased 

intracellular Ca2+ can activates PERK signaling pathway in SEPs, we sorted out Ca2+ positive 

SEPs and Ca2+ negative SEPs from in vitro cultures after Epo treatment. We found that 

PERK/eIF2/ATF4 target genes were highly correlated with Ca2+ positive SEP population 

(Figure 3-2 A-E). Using phosphorylated eIF2 as an indicator, we observed that EP3 antagonist 

treatment reduced the Epo/PGE2 dependent PERK activity (Figure 3-2F, 3-2G). Next, we 

knocked down EP3 in SEPs by using the CRISPR-Cas9 gene editing system (Figure 3-3A). We 

observed all PERK/eIF2/ATF4 target genes were significantly repressed with EP3 knockdown 

except GADD34 where the decrease was not significant (Figure 3-3 B-F). We observed a similar 

loss of expression, when EP3 signaling was blocked by an EP3 antagonist (Figure 3-3 I-M). In 

response to Epo, immature CD34+CD133+Kit+Sca1+ SEPs rapidly acquire the ability to 

(E). Flow cytometry analysis of Ca2+ positive population in mouse SEPs. Cells were treated with 

50nM 16,16-dimethyl PGE2 (PGE2) ± EP1a or ± EP3a; Epo ± EP1a or ± EP3a as indicated. SEPs 

cultured in SEEM were used as baseline. Student t-test (2-tailed). Data represent means ± SEM. 

* p< 0.05, ** p< 0.01, *** p< 0.001. Ca2+ positive populations were gated on Kit+Sca1+. 

(F). Flow cytometry analysis of Ca2+ positive population in human BM mononuclear cell derived 

SEPs. Cells were treated with PGE2 ± EP3a or Epo ± EP3a as indicated. SEPs cultured in SEEM 

were used as baseline. Student t-test (2-tailed). Data represent means ± SEM. ns, not significant, 

* p< 0.05, ** p< 0.01. Ca2+ positive populations were gated on Kit+CD133+. 

(G). Stress BFU-E colony assay of human SEPs treated with Epo ± EP3a. 
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differentiate and mature into later stage CD34-CD133-Kit+Sca1- stress BFU-E progenitors. 

Intriguingly, we observed that knock down of EP3 resulted in the accumulation of early stage 

CD133+Kit+Sca1+ SEPs in the Epo containing SEDM (Figure 3-3G), which led to fewer 

differentiated stress BFU-Es (Figure 3-3H). Taken together, these observations demonstrate that 

Epo dependent PGE2 activates EP3 signaling that leads to Ca2+ mobilization from ER to 

cytoplasm. This increased intracellular Ca2+ is able to activate PERK and the corresponding 

downstream signaling pathway. 
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Figure 3-2: EP3 dependent Ca2+ activity is positive correlated with PERK signaling 
pathway.  

(A-E). mRNA expression of PERK signaling pathway target genes in sorted Ca2+ positive 

Kit+Sca1+ SEPs (pos) or Ca2+ negative Kit+Sca1+ SEPs (neg). Student t-test (2-tailed). Data 

represent means ± SEM. ** p< 0.01, *** p< 0.001, **** p< 0.0001. 

(F). Western blot analysis of P-eIF2and total eIF2in in vitro cultured BM cells treated with 

PGE2 + EP3a for indicated time period. F: fresh BM cells, D: differentiation day 3 BM cells. 

(G). Western blot analysis of P-eIF2and total eIF2in in vitro cultured BM cells treated with 

Epo + EP3a for indicated time period. F: fresh BM cells, E: expansion day 5 BM cells, D: 

differentiation day 3 BM cells. 
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Figure 3-3: Perturbation of EP3 receptor leads to reduced PERK signaling pathway 
activity. 

(A). Western blot analysis of EP3 receptor (PTGER3) knockdown efficiency. S: scramble 

guide RNA (control), g1: PTGER3 guide RNA1, g2: PTGER3 guide RNA2. 
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PERK signaling is required for SEP differentiation during stress erythropoiesis. 

PERK is one of the kinases that implements the ISR21. Previous studies found that 

mutations of several components of the PERK pathway cause defects in erythropoiesis22,23. In 

order to characterize the role of PERK pathway in stress erythropoiesis, we utilized both PERK 

inhibitor and PERK conditional knockout mice. Similar to blocking EP3 signaling, we observed 

that SEPs accumulated at early stages (Kit+Sca1+) in vitro and failed to differentiate into stress 

BFU-Es (Figure 3-4A, 3-4B) when cultured in the presence of PERK inhibitor (GSK2606414) in 

Epo containing SEDM. Consistent with the findings in murine SEP cultures, in vitro cultured 

human BM mononuclear cells showed a similar developmental blockage in response to PERK 

inhibitor. Notably, human SEPs were specifically blocked in the earliest stage 

(CD34+CD133+Kit+) and exhibited more severe defects in stress BFU-E formation than murine 

cultures when treated with PERK inhibitor (Figure 3-4C, 3-4D). When we transplanted 100,000 

unfractionated BM cells into lethally irradiated recipients, we found 75% of recipients 

(B -F). mRNA expression of PERK signaling pathway target genes in sorted EP3 receptor 

knockdown Kit+Sca1+ SEPs (mCherry+) or control Kit+Sca1+ SEPs (mCherry-). Student t-

test (2-tailed). Data represent means ± SEM. ns, not significant, ** p< 0.01, *** p< 0.001. 

(G). Flow cytometry analysis of CD133+Kit+Sca1+ population in EP3 knockdown SEPs 

(mCherry+) and control SEPs (mCherry-). Student t-test (2-tailed). Data represent means ± 

SEM. * p< 0.05. 

(H). Stress BFU-E colony assay of sorted EP3 receptor knockdown Kit+Sca1+ SEPs 

(mCherry+) or control Kit+Sca1+ SEPs (mCherry-). Student t-test (2-tailed). Data represent 

means ± SEM. *** p< 0.001. 

(I - M). mRNA expression of PERK signaling pathway target genes in in vitro cultured BM 

cells treated with Epo (Epo only) or Epo + EP3a (EP3 ant) for 24 hours and 36 hours. 
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transplanted with PERK-/- donor cells were unable to survive (Figure 3-4E). In order to better 

investigate the mechanisms, we used 500,000 PERK-/- donor cells to improve the survival. 

Though the recipients were able to survive after bone marrow transplantat (BMT) in this 

condition, they produced fewer stress BFU-E in comparison to recipients transplanted with 

PERKfl/fl donor cells (Figure 3-4F). When we genotyped the BFU-Es from PERK-/- group, we 

found PERK allele were not fully deleted in these BFU-Es (Figure 3-4G). PERK dependent 

phosphorylation of eIF2 selectively promotes translation of ATF4 in the ISR. ATF4 mutant 

mice were reported to have anemic phenotypes in embryo and fetal liver. In addition, they 

exhibited a weak erythroid response to PHZ induced acute hemolytic anemia22. Our previous 

work also showed that ATF4 knockout mice exhibited delayed recovery after BMT. In order to 

investigate the role of ATF4 in stress erythropoiesis in more detail, we cultured ATF4-/- and 

control BM cells in SEP cultures. In response to Epo, ATF4 protein increases in SEPs as 

measured by intracellular flow. This increase is blocked by PERKi (Figure 3-4H), indicating that 

ATF4 is one of the downstream targets of PERK during stress erythropoiesis. Consistent with the 

defects observed when PERK is inhibited, ATF4-/- SEPs were blocked at the Kit+Sca1+ stage in 

SEDM and gave rise to significantly fewer stress BFU-Es (Figure 3-4I, 3-4J). These observations 

suggest that PERK promotes SEP differentiation in response to Epo through activating the 

downstream effector ATF4. 
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Figure 3-4: PERK and ATF4 are required for SEP differentiation. 

(A). Flow cytometry analysis of in vitro cultured mouse BM cells treated with Epo ± 1M PERK 

inhibitor (PERKi, GSK2606414). 

(B). Stress BFU-E colony assay of in vitro cultured mouse BM cells treated with Epo ± PERKi. 

Student t-test (2-tailed). Data represent means ± SEM. *** p< 0.001. 

(C). Flow cytometry analysis of in vitro cultured human mononuclear BM cells treated with Epo 

± PERKi. Expression of CD34 and CD133 was gated on Kit+. 

(D). Stress BFU-E colony assay of in vitro cultured human mononuclear BM cells treated with 

Epo ± PERKi.  
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Activation of PERK induces high translation rate and high proliferation rate in SEPs. 

In the ISR, activation of PERK leads to global translation attenuation by phosphorylating 

eIF224. Paradoxically, eIF2selectively promotes the translation of ATF4, which in turn 

increases the expression of GADD34. GAD34 negatively feeds back to dephosphorylate 

eIF2and restores protein synthesis25. Thus, the survival of cells is regulated through eIF2 -

ATF4 pathway dependent combination of repression and activation of global and preferential 

protein translation in ISR. High translational efficiency is required for SEPs to generate large 

numbers of erythrocytes, indicating that PERK/eIF2/ATF4 dependent translational regulation 

may play a role in stress erythropoiesis. We first examined the global protein translation rate by 

(E). Survival of recipients transplanted with PERKfl/fl or PERK-/- BM cells after lethal irradiation. 

100,000 donor cells were transplanted into recipient mice. n=8 mice per group. 

(F). Stress BFU-E colony assay of spleen cells in recipients received PERKfl/fl or PERK-/- BM 

cells on indicated days after BMT. 500,000 donor cells were transplanted into recipient mice. 

(G). PCR analysis of PERK allele knockout efficiency in stress BFU-Es on day 14 after BMT. 

The colonies were from the same set of experiments in (F). Forward primer 

TCTGGCTTTCACTCCTCACAGC and reverse primer 

AAAGGAGGAAGGTGGAATTTGGA were used to detect floxed PERK allele. 

(H). Flow cytometry analysis of intracellular ATF4 expression in in vitro cultured BM cells. 

Epo: WT BM cells treated with Epo, Epo + PERKi: WT BM cells treated with Epo + PERKi, 

ATF4-/-: ATF4-/- BM cells treated with Epo. Expression of ATF4 was gated on Kit+Sca1+. 

(I). Flow cytometry analysis of WT and ATF4-/- BM cells cultured in SEDM. 

(J). Stress BFU-E colony assay of in vitro cultured WT and ATF4-/- BM cells from (I). Student 

t-test (2-tailed). Data represent means ± SEM. * p< 0.05. 
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labeling SEPs with an alkyne analog of puromycin, O-propargyl-puromycin (OPP). OPP 

incorporates into newly translated proteins and stops the translation. We observe that the mean 

fluorescence intensity (MFI) of OPP in PERKfl/fl SEP donors started to rise from day 6 after 

BMT. This increase of translation peaks at day 8, then gradually declined in the following 4 days 

(Figure 3-5A). This dynamic process of global protein synthesis synchronized nicely with the 

production of PGE2 in spleen after BMT (see Chapter2, Figure 2-7B), indicating that PGE2 may 

play an important role in translational control by acting on PERK in SEPs. In PERK-/- donors, the 

increased global protein synthesis rate was compromised at day 6 and day 8. Correspondingly, 

recipients received PERK-/- cells had significantly fewer donor cells and lower spleen weights at 

these time points (Figure 3-5 B-D). We observed that the protein translation rate in PERK-/- 

donors were improved from day 10. Donor derived cells and spleen weights were still moderately 

less in recipients transplanted with PERK-/- cells on day 10 and day 12. These observations might 

due to the limited knockout efficiency of the PERK allele. There was a small fraction of cells 

contained wildtype allele in the PERK-/- donors. These cells proliferated normally and were able 

to reach an adequate number after 10 days to compensate the defects caused by the PERK mutant 

cells. We also tested the proliferation rate of SEPs by labeling donor cells with the fluorescent 

cell tracing reagent, CellTrace CFSE, which binds to intracellular amines and will be gradually 

diluted along with cell division. PERKfl/fl or PERK-/- donor cells were labeled with CellTrace 

CFSE prior to transplantation. When followed the CFSE fluorescence intensity in donor SEPs, we 

observed that most of PERK-/- donor SEPs exhibited low proliferation rates as shown by the 

retention of high CFSE fluorescence. The differences were more predominant on day 8 and day 

10 (Figure 3-5E), by when the translational activity of PERKfl/fl SEPs was high and the cell 

number increased dramatically (Figure 3-5 A-C). Taken together, these findings suggest that 

PERK regulated increase of global protein translation is required by the rapid cell proliferation of 

SEPs.  
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PERK promotes SEP differentiation through activating mTORC1 signaling pathway.  

ATF4 induces adaptive gene transcription by binding to ISR-targeted promoters26. It has 

been demonstrated that ATF4 induces anabolism by promoting the expression of genes encoding 

selective amino acid transporters and aminoacyl-tRNA synthetases24. Previous work reported 

leucine supplementation is an effective treatment for Diamond-Blackfan anemia (DBA), in which 

erythroid progenitors have reduced translational capability caused by mutations in ribosomal 

protein genes27. This implies that amino acid availability and translational regulation is important 

in erythropoiesis. We first examined the expression of amino acid transporter genes and 

aminoacyl-tRNA synthetase genes. We observed that leucine transporters, leucine tRNA 

synthetase, glutamine transporters and arginine transporters all had the highest gene expression 

levels on day 8 after BMT (Figure 3-6 A-H). These peaks overlapped nicely with the 

phosphorylated PERK peak and global translation peak (Figure 3-6I and Figure 3-5A). In 

contrast, the expression levels of the amino acid transporter genes and leucine tRNA synthetase 

gene in PERK-/- cells were significantly lower on day 8. These observations indicate that PERK 

Figure 3-5: PERK is required for global protein translation and proliferation of SEPs. 

(A-D). 500,000 donor cells from PERKfl/fl or PERK-/- BM were transplanted into CD45.1 

recipient mice. Flow cytometry analysis of OPP mean fluorescence intensity of donor 

CD133+Kit+Sca1+ SEPs after BMT (A). Donor cell percentage (B), absolute donor cell 

number (C) and spleen weight (D) were analyzed on indicated days. 

(E). Flow cytometry analysis of cell proliferation rate after BMT. PERKfl/fl or PERK-/- BM 

cells were labeled with CellTrace CFSE reagent before transplanting in to CD45.1 recipient 

mice. The CFSE fluorescence intensity of Kit+Sca1+ donor SEP were analyzed on indicated 

days. 
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activity is required for the increases of amino acid transporters and aminoacyl-tRNA synthetases 

during the recovery from BMT.   

mTORC1 is known as nutrient and redox sensor that promotes global protein synthesis28. 

Previous work in the field shows that the PERK/ATF4 ISR pathway communicates with the 

mTORC1 signaling pathway29. ATF4 mediates the increased expression of amino acid 

transporters for small neutral amino acids, branched-chain amino acids and aromatic amino 

acids30, which leads to increased intracellular amino acid flux and activates mTORC1 signaling 

pathway. Furthermore, treatment of mice with mTORC1 inhibitors restricts stress erythropoiesis, 

which further underscores the role of this pathway in stress erythropoiesis. To characterize the 

correlation between PERK signaling pathway and mTORC1 signaling pathway, we analyzed the 

mTORC1 activity by using PERKfl/fl and PERK-/- mice. We first analyzed the expression of 

phosphorylated ribosomal S6 protein (P-S6), phosphorylated 4E-BP1 (P-4EBP1) and the 

mTORC1 target, Myc in the in vitro cultured SEPs. The three indicators were barely expressed 

during the expansion stage (SEEM condition) in all PERKfl/fl and PERK-/- SEP subpopulations 

(Figure 3-7 A-F). However, in PERKfl/fl cells, we observed significant increases of P-S6, P-

4EBP1 and Myc in the most immature CD34+CD133+Kit+Sca1+ SEPs in response to Epo  

(SEDM condition) (Figure 3-7 A-C left panels). Intriguingly, the increase of P-S6, P-4EBP1 and 

Myc in later stage CD34-CD133-Kit+Sca1+ SEPs and CD34-CD133-Kit+Sca1- BFU-E 

progenitors were not as significant as CD34+CD133+Kit+Sca1+ SEPs (Figure 3-7 A-C middle 

and right panels). In PERK-/- cells, the increase of P-S6, P-4EBP1 and Myc in all subpopulations 

were moderate in response to Epo (Figure 3-7 D-F). When compared to PERKfl/fl SEPs, we found 

all PERK-/- SEPs expressed lower levels of P-S6, P-4EBP1 in SEDM (Figure 3-7G, 3-7H). There 

was no significant difference of the Myc fluorescent intensity between the two groups (Figure 3-

7I). Consistent with the PERK inhibitor findings, PERK-/- cells exhibited significantly increased 

immature CD34+CD133+Kit+Sca1+ SEPs accompanied with decreased CD34-CD133-
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Kit+Sca1+ SEPs and CD34-CD133-Kit+Sca1- BFU-E progenitors (Figure 3-7J). Taken together, 

these observations suggest that the PERK mutation leads to low mTORC1 signaling pathway 

activity in immature SEPs, which may contribute to the impaired differentiation in PERK mutant 

cells.  

We extended the in vitro analysis to in vivo BMT model. Consistent with the previous 

PERK activity and amino acid transporter data, we observed high fluorescence intensity of P-S6, 

P-4EBP1 and Myc in donor derived CD133+Kit+Sca1+ SEPs on day 8 in PERKfl/fl cells (Figure 

3-8 A-C). P-4EBP1 and Myc fluorescence intensity were increased until day 12. In contrast, 

PERK-/- CD133+Kit+Sca1+ SEPs failed to generate comparable fluorescence intensity of P-S6 

and P-4EBP1 on day 8. The fluorescence intensity of P-4EBP1 in PERK-/- donor SEPs remained 

low until day 12. In concordance with the in vitro observations, the difference of Myc 

fluorescence intensity between PERK-/- and PERKfl/fl donor SEPs were minor in all time points 

after BMT (Figure 3-8C). The later stage CD133-Kit+Sca1- SEPs had lower fluorescence 

intensity in all three mTORC1 activity indicators in compare to CD133+Kit+Sca1+ SEPs (Figure 

3-8 D-F). Despite of the lower P-S6 levels in PERK-/- SEPs on day 8, the fluorescence intensity of 

P-S6, P-4EBP1 and Myc showed no differences between PERKfl/fl and PERK-/- cells in the later 

stage SEP populations. These observations suggest that Epo mainly induces mTORC1 signaling 

pathway activity in immature SEPs, which possibly results from PERK/ATF4 mediated amino 

acid influx. The increased mTORC1 signaling pathway activity facilitates the global protein 

translation in the early stage SEPs and enables their further differentiation.  
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Figure 3-6: PERK signaling pathway regulates amino acid transporters and aminoacyl-
tRNA synthetases during stress erythropoiesis. 

(A-H). mRNA expression of genes regulating leucine, glutamine, arginine transporters and 

leucyl-tRNA synthetase. Leucine regulatory genes: LAT1, LAT3, CD98, leucyl-tRNA 

synthetase gene: LARS, glutamine regulatory genes: ASCT2, SNAT2, arginine regulatory 

genes: SNAT9, CAT1. 

(I). Western blot analysis of phosphorylated PERK (P-PERK) and total PERK (Total-PERK) in 

spleen cells after BMT. 
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Figure 3-7: PERK regulates activity of mTORC1 signaling pathway in vitro. 

(A-F). Flow cytometry analysis of intracellular P-S6, P-4EBP1 and Myc expression in PERKfl/fl 

or PERK-/- BM cells cultured in SEEM or SEDM. CD34+CD133+Kit+Sca1+: immature SEPs, 

CD34-CD133-Kit+Sca1+: later stage SEPs, CD34-CD133-Kit+Sca1-: stress BFU-E 

progenitors.  

(A-C). Comparison of mTORC1 activity indicator fluorescence intensity in SEEM and SEDM 

of PERKfl/fl SEPs. P-S6 (A), P-4EBP1 (B), Myc (C). 

(D-F). Comparison of mTORC1 activity indicator fluorescence intensity in SEEM and SEDM 

of PERK-/- SEPs. P-S6 (D), P-4EBP1 (E), Myc (F). 

(G-I). Comparison of mTORC1 activity indicator fluorescence intensity in PERKfl/fl and 

PERK-/- SEPs cultured in SEDM. P-S6 (G), P-4EBP1 (H), Myc (I). 

(J). Percentage of SEP subpopulations in PERKfl/fl and PERK-/- BM cells cultured in SEDM. 

Two-way ANOVA followed by Bonferroni’s multiple comparisons. Data represent means ± 

SEM. ** p< 0.01, **** p< 0.0001. 
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3.4 Discussion 

Gene expression is the key process in regulating cell growth and development. Research 

focused on transcription regulation has revealed key transcriptional regulatory mechanisms. 

However, post-transcriptional regulation remains largely obscure. Different cell types have 

distinct requirements of global protein synthesis rate and translation of specific mRNAs. 

Dysregulation of translation is related to various of diseases including cancer and blood 

disorders31,32,33. Previous work showed that protein synthesis rate undergoes remarkable changes 

during hematopoiesis34. HSCs require low protein synthesis rate to maintain homeostasis. Either 

increasing protein synthesis by Pten deletion or further reducing protein synthesis by mutating 

F 

 

Figure 3-8: PERK regulates activity of mTORC1 signaling pathway in vivo. 

500,000 donor cells from PERKfl/fl or PERK-/- BM were transplanted into CD45.1 recipient mice. 

(A-C). Flow cytometry analysis of mean fluorescence intensity of mTORC1 activity indicators 

in donor CD133+Kit+Sca1+ SEPs after BMT. P-S6 (A), P-4EBP1 (B), Myc (C). 

(D-F). Flow cytometry analysis of mean fluorescence intensity of mTORC1 activity indicators 

in donor CD133-Kit+Sca1- SEPs after BMT. P-S6 (D), P-4EBP1 (E), Myc (F). 
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Rpl24 ribosome significantly impairs HSC reconstitution capability34,35. Intriguingly, protein 

synthesis rate is much higher in lineage committed progenitors including CMPs, GMPs and 

MEPs34. In terminal erythroid differentiation, translational regulation is even more crucial since 

erythroblasts require high efficiency of hemoglobin synthesis36. SEPs are actively dividing to give 

rise to new erythrocytes during stress erythropoiesis. Increased translation rate is required to 

generate adequate protein for constructing new cells. Our data showed that the protein synthesis 

rate is dramatically increased during recovery process after BMT. Accompanied with the high 

cell proliferation rate, increased SEP numbers and increasing spleen size, our findings suggest 

that the elevated translation enables the rapid differentiation of SEPs. The appropriate regulation 

of protein synthesis also includes suppression of neoplastic proliferation. Cancer cells synthesize 

protein more efficiently through dysregulating translation initiation37. Our work gives another 

example of maintaining tissue homeostasis by proper translational regulation. The protein 

synthesis rate gradually reduced after day 8 post BMT. This trend is consistent with the serum 

Epo level and spleen PGE2 level (see Chapter2, Figure 2-7B), the two key transition signals 

drives SEP differentiation, suggesting that Epo and PGE2 may act as regulators that initiate the 

translational control machinery. After maximizing the pool of immature SEPs required for 

relieving anemic stress, negative feedback inhibits these responses as SEPs differentiate. 

Therefore, this hyperactive erythropoiesis process is able to rapidly replenish erythrocytes 

without inducing polycythemia. 

mTORC1 is one of the master regulators of cell growth and development. It integrates 

various environmental signals, including nutrients, growth factors and intracellular ATP, to 

regulate protein synthesis38. Previous studies showed that mutations in components of mTORC1 

pathway impaired erythroid development in mice39,40,41. Consistent with the protein synthesis 

regulation, increased mTORC1 activity depletes HSCs35,42. Notably, erythroid cells are 

extraordinarily sensitive to mTORC1 activity. Inhibition of mTORC1 results in significant 
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decrease of protein synthesis in erythroid cells while has minimal impact on other hematopoietic 

lineages like granulocytes43. Under phenylhydrazine induced hemolytic stress, mTORC1 

inhibition leads to 50% mortality with significant decreases of late stage erythroid progenitors in 

spleen and circulating reticulocytes41. Paradoxically, hyperactivation of mTORC1 also impairs 

erythroid differentiation by inducing macrocytic anemia41. These data suggested that accurate 

regulation of mTORC1 is critical for erythropoiesis. Our findings extended the regulatory role of 

mTORC1 into early stage erythropoiesis. We demonstrated that Epo dependent mTORC1 

signaling pathway is required for the differentiation of SEPs. Early stage 

CD34+CD133+Kit+Sca1+ SEPs quickly differentiate into a transition population, CD34-CD133-

Kit+Sca1+ SEPs, during stress erythropoiesis. The transition SEPs continue to give rise to the 

stress BFU-E progenitor, CD34-CD133-Kit+Sca1+ SEPs. With low mTORC1 activity, we 

observed fewer numbers of early stage CD34+CD133+Kit+Sca1+ SEPs, which have impaired 

capability of generating both transition SEPs and the later stress BFU-E progenitors. DBA and 

5q-syndrome are ribosomopathies characterized by ribosome protein haploinsufficiency caused 

anemia44. The low protein synthesis rate in erythroid lineages can be mitigated by L-leucine 

supplementation, which is a classical cue of mTORC1 activation45,46. Our data is consistent with 

the evidence that mTORC1 dependent translational control is important for erythroid proliferation 

and differentiation. However, further investigation of mTORC1 regulated protein synthesis in 

stress erythropoiesis are necessary to delineate the precise role for  mTORC1 activation in stress 

erythropoiesis and how it is regulated, as unregulated mTORC1 can initiate tumorigenesis31,33. 

In many circumstances, mTORC1 coordinates with other signaling pathways to regulate 

cell growth. This interaction between mTORC1 and the different ISR pathways underscores the 

wide potential for these pathways to regulate translation during development. In contrast to our 

example of the positive interaction between PERK and mTORC1 in the regulation of cell 

proliferation and differentiation, HRI signaling pathway inhibits mTORC1 signaling pathway in 
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iron deficiency (ID) model. HRI is important in regulating hemoglobin synthesis in ID through 

sensing the availability of heme47. Recent work from Zhang et al showed that, in addition to 

activating downstream P-eIF2a and ATF4 to specifically increase the expression of genes 

required for redox homeostasis and erythroid differentiation, HRI signaling pathway also inhibits 

mTORC1 to prevent global protein synthesis to limit the expansion of early erythroblasts48,49. 

Ablation of P-eIF2 or ATF4 lead to increased mTORC1 activity and ineffective erythropoiesis. 

In this case,  inhibition of mTORC1 is able to improve erythroid differentiation in iron deficient 

HRI mutants and P-eIF2a mutants48,49.  The cooperation of these two signaling pathways 

regulates erythroid differentiation in ID without having redundant globin induced proteotoxicity 

or excessive protein synthesis induced macrocytic anemia.  

In conclusion, our data identifie PGE2-dependent mobilization of ER Ca2+ as an initiating 

step for the increase in protein translation. Ca2+ dependent activation of PERK/eIF2/ATF4 

pathway is well known as the regulator in response to ER stress. Although PERK mediates 

inhibition of global protein synthesis to reduce unfolded proteins in ER stress, in this study, we 

observed PERK dependent increase of protein synthesis in SEPs. The underlying mechanism for 

this elevated translation is that the PERK pathway increases the expression of amino acid 

transporters and tRNA synthases, including the leucine transporter and leucine tRNA synthetase, 

which activate mTORC1 signaling pathway activity (Figure 3-9). These findings suggest a new 

role of PERK in translational regulation. By activating mTORC1 signaling pathway, PERK 

promotes global protein translation in early erythroid progenitors to achieve the active cell 

division in stress erythropoiesis. 
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Figure 3-9: Schematic of PERK and mTORC1 signaling pathway regulated protein 
translation in SEPs.  
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Chapter 4 
 

Discussion and future directions 

4.1 Discussion 

Anemia is a global health problem that causes significant morbidity and mortality. The 

most commonly used therapy for anemia patients is repeated blood transfusion. However, the 

large amount of iron delivered by transfusion increases the risk of iron overload, which can 

induce inflammatory response syndrome1. In addition, there is a risk of infection with 

contaminated blood products. Previous studies suggest that prolonged storage of red blood cells 

increases the risk of multiorgan failure, thromboembolism and infections2,3. To conquer the 

limitations of current treatment, new therapies that target the generation of adequate amounts of 

normal erythrocytes would provide long-term efficacy with minimum adverse effects for these 

congenital anemias. One approach to identify new targets for therapy is to better understand the 

mechanisms of stress erythropoiesis. Stress erythropoiesis, which is distinct from steady state 

erythropoiesis, is capable of generating large amounts of new erythrocytes in a short-term. SEPs 

undergo series of symmetric and asymmetric divisions in response to corresponding stress 

erythroid signals and eventually develop into mature erythrocytes. Both an in vitro culture system 

and an in vivo BMT model are nicely established in our laboratory to study stress erythropoiesis4. 

In our stress erythropoiesis model, SEPs can engraft, self-renew and only give rise to cells in the 

erythroid lineage. The in vitro stress erythropoiesis culture system can also apply to human bone 

marrow cells5. These appropriate and applicable models of stress erythropoiesis enable us to 

investigate the mechanisms of erythroid response in anemia. 
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In chapter 2, we demonstrated an Epo dependent signal change in microenvironment 

macrophages. Macrophage derived canonical Wnt ligands increased at early stage of stress 

erythropoiesis and activate β-catenin in SEPs. Engagement of Wnt/β-catenin signaling pathway 

results in efficient proliferation of SEPs. The proliferating signals are suppressed when the levels 

of serum Epo is increased. Alternatively, Epo induces a set of differentiating signals in 

macrophages, including PGE2 and PGJ2. The two prostaglandins drive differentiation of SEPs 

through distinct mechanisms. PGJ2 acts as ligand of PPARγ, which antagonizes Wnt ligands, 

while PGE2 promotes SEP differentiation independently. With the Epo dependent transition of 

the two sets of microenvironmental signals, SEPs are able to rapidly expand and differentiate into 

abundant erythrocytes. Accumulating evidence about the erythroid niche emphasize the role of 

EBI macrophages during development and steady state erythropoiesis. Here, we extend the 

findings into stress erythropoiesis. Since stress erythropoiesis is a hyperdynamic process of 

generating new erythrocytes, distinct microenvironmental signals are required to facilitate the 

rapid maturation of SEPs. For decades, Epo has been known as the hallmark signal that regulates 

differentiation of erythroid progenitors. However, the underlying mechanism remains obscure. 

Recent work identified that a subtype of macrophages that expresses high level of EpoR 

constitutes the EBIs6, suggesting that macrophages could be the targets of Epo instead of or in 

addition to erythroid progenitors. Our findings further confirmed the hypothesis that Epo is able 

to directly act on EBI macrophages. The presence of Epo shuffles the microenvironmental signals 

to mediate the differentiation of SEPs. The identification of novel Epo dependent 

microenvironmental signals in this work indicates that further research focusing on the correlation 

between SEPs and the microenvironment is needed. The erythroid niche might be more 

comprehensive than we currently know. In addition to EBI macrophages, the niche may require 

the coordination of other cell types and signals to fulfill the rapid growth and maturation of SEP.   
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In chapter 3, we further investigated PGE2 mediated SEP differentiation. In response to 

Epo, increased PGE2 is able to promote intracellular Ca2+ mobilization through binding to EP3 

receptor. The increased Ca2+ flux activates a stress sensor, PERK. The PERK signaling pathway 

is required for the differentiation of SEPs. In fact, PERK dependent ATF4 regulates the amino 

acid influx in SEPs. Increased intracellular amino acids activate mTORC1 signaling pathway, 

which promotes global protein translation. The high rate of protein synthesis in SEPs fuels the 

rapid differentiation of the cells and results in efficient generation of mature erythrocytes. In this 

study, we built the connections between PERK and mTORC1 signaling pathway in stress 

erythropoiesis. The integration of these two pathways in regulating cell differentiation was poorly 

studied in previous research. Also, we interpreted PERK function in translational control in an 

innovative way. In our model, rather than ceasing general protein translation as observed in other 

stress cases, PERK promotes translation in SEPs by cooperating with mTORC1. These findings 

provide more comprehensive understanding in PERK signaling pathway and lead to questions of 

the balance between inhibition and elevation of protein translation in stress responses and how 

that might relate to chronic diseases. We observed that mTORC1 signaling pathway is activated 

in response to the transition signal Epo, which emphasizes the importance of mTORC1 in stress 

erythropoiesis. Since mTORC1 can integrate various signals and regulate cell growth in multiple 

ways, it leads to more questions about the potential mechanisms of mTORC1 regulated SEPs 

differentiation. 
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4.2 Future directions 

4.2.1 IL4 regulated PPARγ and macrophage/microenvironment transition in stress 

erythropoiesis 

PGD2 is widely expressed in the central nervous system7. The effects of PGD2 has been 

suggested to play both pro-inflammatory and anti-inflammatory roles in different disease 

models8. Similar to other PGs, PGD2 exerts its activity through binding to G protein coupled 

receptors. In fact, the various effects of PGD2 depends on the expression location and expression 

level of PGD2 receptors (DPs). DP1 has been demonstrated plays a role in recruiting 

inflammatory lymphocytes and eosinophils in asthma9. DP2 is also called the chemoattractant 

receptor-homologous molecule expressed on Th2 cells (CRTH2). In addition to T helper 2 (Th2) 

cells, CRTH2 is also found in basophils and eosinophils10. Previous studies showed that CRTH2 

mediates the inhibition of cAMP synthesis and can induce intracellular Ca2+ mobilization11. Our 

work showed that PGD2 derived 12-PGJ2 regulates PPAR expression in macrophages 

(Chapter2 Figure 2-5). Intriguingly, we also observe a decrease of PPAR expression in CRTH2-/- 

stroma cells in SEDM culture, which is consistent with impaired PPAR expression when 

CRTH2 is antagonized by CAY10595 (Figure 4-1A). In addition, fewer stress BFU-Es were 

observed when CRTH2 is perturbed (Figure 4-1B) This finding indicates that in addition to 

giving rise to 12-PGJ2, PGD2 may also directly regulate PPAR in EBI macrophages through 

CRTH2 mediated signaling pathways. One well documented Th2 cytokine is interleukin 4 (IL4). 

Previous study found that IL4 is able to induce the expression of PPAR in macrophages12. We 

observed that IL4 increased the growth of stroma cells in SEEM culture (Figure 4-2A). The 

expression of PPAR was also dramatically increased with the presence of IL4 (Figure 4-2B). 
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The supplementation of IL4 resulted in increased stress BFU-E colonies when Epo was not 

present (Figure 4-2C). However, this IL4 effect was totally diminished when Epo was present. 

The stress BFU-E number remained comparable in SEDM with or without the presence of IL4. In 

addition, the IL4 expression in spleen cells peaked at day 6 after BMT, which is in parallel with 

the serum Epo peak (Figure 4-2E and Chapter2 Figure 2-2C). These observations suggest that IL4 

might be another important signal that induced by Epo during stress erythropoiesis. It may share 

part of the responsibility of elevating PPAR in microenvironmental macrophages. A few 

intriguing questions arise from the current findings. First, the source of IL4 is not clear. Th2 cells 

are both recipient and producer of IL413. Upon being activated by exogenous IL4, Th2 cells 

continue to produce additional IL4 to the system. It opens up the possibility that there are other 

cell types that participate in the modulation of the erythroid niche by releasing IL4 and 

cooperating with Th2 cells. Our unpublished data also showed that T cells support the EBIs in 

spleen. Another question is based on the observation that IL4 reduces the number of SEPs (Figure 

4-2D), whereas promotes the formation of stress BFU-Es. It implies that IL4 limits the self-

renewal capability of immature SEPs, while driving the rapid differentiation of SEPs. Further 

research is needed to understand the underlying mechanisms. It will also be interesting to know 

whether IL4 can directly act on SEPs or whether it promotes SEP differentiation through altering 

the microenvironment. Another question is the connection between IL4 and Epo during stress 

erythropoiesis. Although the current evidence indicates that IL4 responds to Epo, the in vivo trend 

of IL4 expression was not precisely in line with the serum Epo change after BMT. IL4 shows a 

transient peak on day 6 and rapidly declines to the basal level on day 8. In contrast, the serum 

Epo level is gradually decreased from day 6 to day 12. Therefore, one emerging question is about 

the possible negative regulation of IL4. The Th2 cytokine is known to induce the polarization of 

macrophages to the alternatively activated phenotype (M2 macrophages), which regulates the 

resolution of inflammation14. Both IL4 and IL4 induced PPAR has been demonstrated to induce 
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the differentiation of monocytes into M2 macrophages15,16. Recent work showed that pro-

inflammatory cytokines are able to trigger stress erythropoiesis without tissue hypoxia17, 

suggesting that inflammatory signals play important roles in initiating stress erythroid response. 

Epo is able to induce production of anti-inflammatory cytokine IL-10 in hemorrhagic shock 

model18. Our lab also observed multiple anti-inflammatory cytokines are required for SEP 

differentiation. These findings implicate a strong correlation between inflammation and stress 

erythropoiesis. Therefore, the alteration of microenvironment in response to Epo may also include 

a transition from monocytes to M2 macrophages or from classically activated macrophages (M1 

macrophages), which has pro-inflammatory function, to M2 macrophages. Our unpublished data 

also showed an increase in M2 macrophages accompanied with the decrease in M1 macrophages 

after Epo treatment. 

Taken together, I hypothesize a new mechanism where Epo induces a transition from pro-

inflammatory microenvironment to anti-inflammatory microenvironment to support the growth of 

SEPs (Figure 4-3). First, Epo increases the production of PGD2 in EBI macrophages. Next, the 

PGD2-CRTH2 binding induces the release of Th2 cytokines, including IL4. IL4 helps to expand 

the niche and promotes the transition from monocytes or M1 macrophages to M2 macrophages. 

The IL4 induced production of PPAR also contributes to this macrophage polarization. As a 

result, the M2 macrophage predominant microenvironment benefits the SEP differentiation by 

inducing high levels of PPAR in the niche and inducing required anti-inflammatory cytokines. 
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Figure 4-1: CRTH2 regulates PPAR expression in stress erythropoiesis. 

(A). mRNA expression of PPAR in in vitro cultured stroma cells. -Epo: WT cells in SEEM, 

+Epo: WT cells in SEDM, +Epo+Cay10595: WT cells in SEDM supplemented with 

Cay10595 (CRTH2 antagonist), +Epo CRTH2-/-: CRTH2-/- cells in SEDM. Student t-test (2-

tailed). Data represent means ± SEM. * p< 0.05. 

(B). Stress BFU-E colony assay of in vitro cultured WT and ATF4-/- BM cells from (A). 

Student t-test (2-tailed). Data represent means ± SEM. * p< 0.05 
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Figure 4-2: IL4 regulates PPAR in microenvironment and differentiation of SEPs. 

(A). Representative microscopy images of in stroma cells in SEEM culture. Upper panels: 

SEEM culture without IL4. Bottom panels: SEEM culture supplemented with IL4. 

(B). mRNA expression of PPAR in in vitro cultured stroma cells treated ±Epo±IL4 as 

indicated. Student t-test (2-tailed). Data represent means ± SEM. * p< 0.05. 

(C). Total SEP numbers in in vitro culture. Cells were treated with ±Epo±IL4 as indicated. 

(D). Stress BFU-E colony assay of in vitro cultured SEPs from (C). 

(E). mRNA expression of IL4 in spleen cells after BMT. 
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4.2.2 mTORC1 regulated metabolic reprogramming in stress erythropoiesis 

Actively dividing cells alter their metabolism according to the increased needs for energy 

and anabolic processes. Oxidative phosphorylation (OXPHOS) and glycolysis are two major 

bioenergetics pathways in mammalian cells. Under normal conditions, mitochondrial OXPHOS 

provides 70% of energy required by cells by generating 34 ATP molecules per reaction19,20. 

During rapid cell division, cellular metabolism changes to meet the increased energetic and 

anabolic requirements. Glycolysis is the preferred process in many types of actively dividing 

cells. In addition to immediately producing 2 ATP molecules, glycolysis generates multiple 

intermediates required by cell growth, including ribose for generating DNA and RNA, amino 

acids for generating proteins and glycerol for generating phospholipid cell membrane21. Cancer 

metabolism is one of the mostly well studied models of metabolic change. Cancer cells primarily 

 

 

Figure 4-3: Proposed schematic of Epo dependent PGD2/IL4 signaling in regulating niche and

SEP development. 
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rely on glycolysis even with presence of oxygen and intact mitochondrial function21. This 

metabolic reprogramming is critical for doubling the biomass of cancer cells, which sustains the 

high proliferation rate in tumorigenesis. T cell activation also requires metabolic 

reprogramming22. The transition from quiescent naïve T cell to activated effector T cell is 

concomitant with increased cell size, proliferation and differentiation rate. The engagement of 

glycolysis enables anabolic growth and biomass accumulation required in these processes. Stress 

erythropoiesis is a hyperactive process of generating new erythrocytes, indicating that appropriate 

regulation of biosynthetic process is required by actively dividing SEPs.  

We’ve discussed the role of mTORC1 in regulating global protein synthesis through 

coordinating with PERK signaling pathway. In addition to directly promoting protein translation, 

mTORC1 is also one of the key metabolic regulators. Activation of mTORC1 induces the 

translation of Myc  and hypoxia-inducible factor1 alpha (HIF1α)23,24. These two transcription 

factors regulate the expression of key genes required by glycolysis, including glucose transporters 

and glycolytic enzymes25,26. It is also well documented that mTORC1 can initiate glycolysis by 

enhancing glutamine and glucose uptake27. Back to stress erythropoiesis, it will be interesting to 

investigate whether the activated mTORC1 in SEPs induces a metabolic change. Further studies 

could focus on characterizing metabolic phenotypes in different stages of stress erythropoiesis. 

Would there be a metabolic reprogramming once SEPs receive the transition signals? Would 

there be any changes in the biosynthesis of macromolecules, such as nucleotides, proteins and 

lipids, once SEPs acquire a new metabolic phenotype? One hypothesis is mTORC1 could induce 

the change from OXPHOS/glycolysis homeostatic status to glycolysis predominant status in 

SEPs. The increased glycolysis could fuel the rapid SEP differentiation by promoting the 

biosynthesis of essential constituents required by constructing new erythrocytes. 

Previous work has demonstrated that transcription reprogramming plays a role in 

erythropoietic development28–30. However, the metabolic changes during erythropoiesis, 
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especially in stress erythropoiesis, have not been characterized. glucose-6-phosphate 

dehydrogenase (G6PD) deficiency and pyruvate kinase (PK) deficiency are two inherited anemia 

caused by variant genetic mutations in these two glycolytic enzymes. G6PD deficiency is the 

most common enzymatic blood disorder, which affects 400 million people worldwide31. By 

addressing the metabolic regulation questions in stress erythropoiesis, it’s possible to characterize 

new metabolic transition signals derived from glycolytic metabolites in the future. Based on the 

findings, we might be able to identify potential metabolic targets for G6PD deficiency and PK 

deficiency treatments and provide references for further therapeutic research. In a broader 

perspective, mTORC1 function has been well studied in cancer cells and lymphoid cells32,22. 

Many drugs and treatments are designed for targeting mTORC1 signaling pathway. It is 

important to extend the mTORC1 regulatory roles into the erythropoiesis system, which would 

supplement the current knowledge of mTORC1 signaling pathway and advise relevant drug 

development to consider more about the comprehensive effect of mTORC1 in different cell types. 
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