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Key Points 
 
 Epo-induced IRS2 allows engagement of IGF1R signaling to expand a previously 

unrecognized progenitor population in erythropoietic stress. 

 Truncated EpoR does not support stress CFU-E expansion and protects against 

JAK2(V617F)-driven erythrocytosis in MPN. 
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ABSTRACT 
 

We find that in regenerative erythropoiesis, the erythroid progenitor landscape is 

reshaped, and a previously undescribed progenitor population with CFU-E activity (stress 

CFU-E/sCFU-E) is markedly expanded to restore the erythron. sCFU-E are targets of 

erythropoietin (Epo) and sCFU-E expansion requires signaling from the Epo receptor 

(EpoR) cytoplasmic tyrosines. Molecularly, Epo promotes sCFU-E expansion via 

JAK2/STAT5-dependent expression of IRS2, thus engaging the pro-growth signaling 

from the IGF1 receptor (IGF1R). Inhibition of IGF1R/IRS2 signaling impairs sCFU-E 

cell growth, whereas exogenous IRS2 expression rescues cell growth in sCFU-E 

expressing truncated EpoR lacking cytoplasmic tyrosines. This sCFU-E pathway is the 

major pathway involved in erythrocytosis driven by the oncogenic JAK2 mutant, 

JAK2(V617F), in myeloproliferative neoplasm. Inability to expand sCFU-E cells by 

truncated EpoR protects against JAK2(V617F)-driven erythrocytosis. In 

myeloproliferative neoplasm patient samples, the number of sCFU-E like cells increases, 

and inhibition of IGR1R/IRS2 signaling blocks Epo-hypersensitive erythroid cell colony 

formation. In summary, we identify a new stress-specific erythroid progenitor cell 

population that links regenerative erythropoiesis to pathogenic erythrocytosis. 
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INTRODUCTION 

Hematologic homeostasis in adult humans requires the production of roughly 200 

billion new erythrocytes per day. Erythropoiesis is a multistep process that begins when 

hematopoietic stem cells differentiate into erythroid progenitors. The earliest committed 

erythroid progenitors are the burst-forming unit-erythroid (BFU-E), which divide and 

differentiate into colony-forming unit-erythroid (CFU-E). CFU-E progenitors further 

proliferate and differentiate into erythroid precursors, which undergo terminal maturation 

to generate erythrocytes.  

Erythropoietin (Epo) is the principal cytokine that controls erythropoiesis.1-3 Epo 

binding to Epo receptor (EpoR) activates the tyrosine kinase JAK2 which associates with 

the EpoR cytoplasmic domain. Activated JAK2 phosphorylates many of the tyrosine 

residues in the EpoR cytoplasmic domain, leading to docking of signaling proteins and 

the subsequent activation of the STAT5, PI3K/Akt, and MAPK pathways.4-6 Together, 

these pathways promote erythroid cell survival, proliferation, and differentiation.  

At steady-state, normal Epo levels support basal erythropoiesis to replace the 

clearance of aged erythrocytes. Erythropoietic stress such as bleeding causes Epo levels 

to surge, dramatically increasing erythropoiesis via a process termed stress 

erythropoiesis. Stress erythropoiesis is critical for the recovery and survival from blood 

loss, anemia of multiple etiologies or from therapeutic procedures such as chemotherapy 

and stem-cell transplantation. Despite the importance of stress erythropoiesis, our 

understanding of this process remains incomplete.  
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Stress erythropoiesis differs from basal erythropoiesis in several ways. Basal 

erythropoiesis is achieved by fine-tuning survival and proliferation of erythroid 

precursors downstream of CFU-E, whereas stress erythropoiesis expands both erythroid 

precursors and progenitors.7-10 While both basal and stress erythropoiesis are each 

regulated by EpoR, only stress erythropoiesis requires an intact EpoR cytoplasmic 

domain. Mice expressing a truncated EpoR lacking all cytoplasmic domain tyrosines has 

a near-normal basal hematocrit but is deficient in its response to stress.11,12 In addition to 

Epo, stress erythropoiesis also involves corticosteroids, stem cell factor (SCF), and 

signaling from bone morphogenetic protein 4 (BMP4).13-15  

Myeloproliferative neoplasms (MPN) are a group of chronic myeloid malignancies 

characterized by clonal expansion of one or more myelo-erythroid lineage cells. 

Clinically, MPNs present as overproduction of erythrocytes (polycythemia vera, PV) or 

platelets (essential thrombocytosis, ET), or as bone marrow fibrosis (primary 

myelofibrosis, PMF). MPNs can transform into acute myeloid leukemias, which 

commonly have poor prognosis.16-18 In PV, erythropoiesis progresses at an aberrantly 

high rate even in the absence of increased Epo due to somatic mutations (most commonly 

V617F) in JAK2 that constitutively activates JAK2 kinase activity.19,20 While Epo-

independent, JAK2(V617F)-induced erythrocytosis still requires the EpoR to engage 

downstream signaling proteins.21  

Although EpoR signaling in more differentiated erythroblasts has been well 

characterized,22-24 EpoR signaling in earlier progenitors is less well understood. In this 

study, we discovered a new population of progenitors that are able to form CFU-E like 

colonies, here termed stress CFU-E (sCFU-E), that are specifically expanded by 
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erythropoietic stress. Failure to stimulate sCFU-E expansion in mice expressing truncated 

EpoR blocks both regenerative erythropoiesis and JAK2(V617F)-driven erythrocytosis, 

suggesting that oncogenic JAK2 hijacks sCFU-E to promote erythrocytosis in MPN.  
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METHODS 

Mice, phlebotomy, Epo and phenylhydrazine injection – 3-6 month-old mice were 

used for all experiments. Phlebotomy was performed by submandibular bleeding (400L) 

followed by fluid replacement with normal saline twice over 6 hrs. For phenylhydrazine 

(PHZ) treatments, mice were injected intraperitoneally with 62.5 mg/kg (low dose) or 

87.5 mg/kg (high dose) PHZ on day 0 and day 1. For Epo injections, 100 U of Epoetin 

alpha (Amgen) was injected once subcutaneously.  

Flow cytometry – For progenitor analyses, BFU-E and CFU-E progenitors were 

identified as described.25 Data were acquired on a LSRII, Fortessa, or Aria (BD 

Biosciences) flow cytometer and analyzed with FlowJo software (Tree Star, CA).  

In vitro culture of erythroid progenitors – BFU-E, sCFU-E and CFU-E were isolated 

from murine bone marrow by flow cytometry sorting after immune-depletion of lineage 

(Lin)-committed cells and hematopoietic stem cells (Sca1) using biotin-conjugated 

antibodies followed by streptavidin-conjugated magnetic resin. Sorted cells were 

subsequently cultured in StemPro34 media supplemented with 2 U/ml Epo, 100 ng/ml 

SCF, 40 ng/ml IGF1, and 1 M dexamethasone. Cells were analyzed at indicated time.  

Human MPN patient samples – Bone marrow mononuclear samples were obtained 

from consented and deidentified PV, lymphoma and MGUS patients. Human BFU-E and 

CFU-E were identified as described.26 For in vitro cultures, sorted PV CD34+CD36- cells 

were first expanded in StemSpan SFEM media with StemSpan CC100 (both from 

StemCell Technologies) for 3 days. Subsequently, cells were cultured in SFEM media 

with CC100 and Epo (3U/ml) (day 0). As controls, normal CD34+ cells (Cooperative 
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Center of Excellence in Hematology at Fred Hutch) were sorted, expanded, and cultured 

in parallel.  

Statistical analyses – Data are reported as means ± standard deviation (SD). Statistical 

significance was determined by using Student t-test or analysis of variance (ANOVA). A 

value of P<0.05 was considered statistically significant. Normality tests and statistical 

analyses were performed using Prism (Graphpad).  

Study approval – Deidentified human samples were acquired through the Hematologic 

Malignancies Tissue Bank at UT Southwestern under institutional IRB with informed 

consent of all participants. All mouse studies were approved by institutional IACUC.  

Additional methods in supplement – Detailed methods are in Supplemental Methods.  
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RESULTS 

Phlebotomy induces expansion of a new population of erythroid progenitors – To 

examine early erythroid progenitors, we used a method that allows flow cytometric 

identification of murine BFU-E and CFU-E in adult hematopoietic tissues.25 In this assay, 

Lin-Kit+CD55+CD105+ cells are dissected into BFU-E (CD150+CD71-) and CFU-E 

(CD150-CD71+) (Fig. 1A). Interestingly, a drastic expansion of an intermediate cell 

population that was CD150+CD71+ was observed upon phlebotomy, a physiological 

erythropoietic stress (Fig. 1B). We designated this population as “sCFU-E” for “stress 

CFU-E” based on our subsequent characterization. During erythron recovery, wild-type 

mice exhibited a nadir of RBC number 2 days following phlebotomy and recovered a 

normal hematocrit by day 9 (Fig. 1C). Expansion of sCFU-E cells was observed one day 

after phlebotomy and coincided with a decrease in BFU-E. Thereafter, the number of 

sCFU-E cells decreased while and CFU-E cells increased, followed by an increase in 

Ter119+ erythroblasts (Fig. 1D-G). Similar observations were made in the spleen (Fig. 

1D-G). These observations suggest that sCFU-E are involved in regenerative 

erythropoiesis.  

To examine the temporal relationship between these progenitors, in vitro cultures 

were set up, where BFU-E cells from normal or phlebotomized mice were prospectively 

isolated and cultured in media containing SCF, Epo and dexamethasone to mimic stress 

erythropoiesis. Consistent with results in vivo, BFU-E gave rise to sCFU-E in 24 hours, 

which further differentiate into CFU-E (Supplemental Fig. 1). Therefore, as 

erythropoiesis proceeds as a continuum,25,27,28 the temporal order of development 

proceeds from BFU-E to sCFU-E to CFU-E.  
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Characterization of sCFU-E cells – BFU-E, sCFU-E and CFU-E from bone marrow of 

phlebotomized mice were isolated and analyzed by histology and colony assays. By 

Giemsa staining, sCFU-E were more similar to CFU-E and were larger than BFU-E, 

consistent with their higher forward scatter intensity (Fig. 2A-B). sCFU-E and CFU-E 

also had more prominent nucleoli as compared to BFU-E (Fig. 2A). In colony assays, 

sCFU-E generated uni-focal CFU-E-like colonies by day 2, not large multi-focal “burst” 

colonies like BFU-E which usually take 5-7 days (Fig. 2C). That both sCFU-E and CFU-

E formed CFU-E like colonies is consistent with our observation that the predominant 

colonies expanded following phlebotomy were CFU-E but not BFU-E colonies 

(Supplemental Fig. 2). Interestingly, sCFU-E colonies were significantly larger and had 

about 3 times as many cells as CFU-E colonies (Fig. 2C-D), suggesting that they possess 

higher proliferative potential. Indeed, sorted sCFU-E proliferated longer and generated 

more erythroid progeny compared to CFU-E in vitro (Fig. 2E). Based on the morphology 

of colonies they made, and the fact that sCFU-E cells are specifically up-regulated in 

stress, we have named them “stress CFU-E” or “sCFU-E”.  

To compare sCFU-E and CFU-E, gene expression across the transcriptome were 

analyzed by RNA-seq using triplicate biological samples sorted from phlebotomized 

mouse marrow. We found that transcriptomes of sCFU-E and CFU-E were similar, with 

only 118 genes differentially expressed (fold change >1.5 and P<0.05, Fig. 2F). While no 

pathways were enriched in the differentially expressed genes (data not shown), several 

genes associated with an earlier stem/progenitor signature were enriched in sCFU-E and 

genes associated with committed erythropoietic functions were enriched in CFU-E (Fig. 

2G). For example, the transcription factors Gata2 and Myb, as well as the receptor for 
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stem cell factor, c-Kit, were higher in sCFU-E, whereas Alas2 (erythroid specific delta-

aminolevulinate synthase 2), Epb4.2 (erythrocyte membrane protein band 4.2), and Gypa 

(glycophorin A) were expressed at higher levels in CFU-E (Fig. 2G). RNAseq results 

were corroborated with quantitative PCR analyses using sorted BFU-E, sCFU-E and 

CFU-E from phlebotomized mice (Fig. 2H). These results suggest that in erythropoietic 

stress, an unexpected shift occurs within the erythroid progenitor compartment, where a 

new cell population with higher proliferation potential, sCFU-E, is disproportionally 

expanded relative to CFU-E, increasing erythropoietic output.  

sCFU-E expansion requires distal EpoR signaling – Because Epo critically regulates 

stress erythropoiesis, we tested whether sCFU-E are direct targets of Epo by analyzing 

erythroid progenitors following Epo injection. sCFU-E significantly expanded in both 

marrow and spleen starting as early as 6 hours post Epo injection (Fig. 3B-C). We also 

examined sCFU-E expansion in a knock-in mouse model expressing a truncated EpoR 

lacking all cytoplasmic tyrosine residues (EpoR-HM).12 This mouse was shown be 

viable, but can only support basal erythropoiesis, not stress erythropoiesis (Fig. 3A). 3,11,12 

Because this truncated EpoR represents a “core minimal receptor” sufficient for basal 

erythropoiesis, we refer to it as EpoR(core) herein (Fig. 3A). Contrary to what was 

observed in wild-type mice, Epo injection failed to increase sCFU-E in EpoR(core) mice 

(Fig 3B-C). EpoR(core) mice also failed to expand sCFU-E in response to phlebotomy 

(Fig. 3D) and had a slower recovery (Fig. 3E). EpoR(core) mice also recovered slower 

and succumbed to hemolysis challenge induced by high dose phenylhydrazine (Fig. 3F-

G).  
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Consistent with the impaired sCFU-E expansion in EpoR(core) mice, sorted sCFU-E 

from EpoR(core) mice generated significantly fewer progeny compared to those from 

wild-type mice in vitro (Fig. 3H). Similarly, the upstream BFU-E from EpoR(core) 

generated less progenies. Sorted CFU-E from EpoR(core) mice also generated fewer 

progenies, but the degree of reduction was mild. Ter119+ erythroblasts, especially 

FSClargeCD71hi erythroblasts, expanded normally in EpoR(core) mice (Supplemental Fig. 

3).29 These results suggest despite the ability to increase late erythroblasts, failure of 

sCFU-E expansion restricted erythroid output of EpoR(core) mice in stress. Moreover, 

EpoR cytoplasmic tyrosines are necessary for sCFU-E expansion. 

The STAT5 pathway is necessary and sufficient for sCFU-E expansion – To probe 

the underlying mechanism of sCFU-E expansion, we compared proliferation and 

apoptosis in sCFU-E in phlebotomized vs. normal mice. In the marrow, sCFU-E showed 

higher proliferation in phlebotomized mice compared to non-phlebotomized mice. In the 

spleen, both higher proliferation and reduced apoptosis was observed (Fig. 4A-B). 

Therefore, sCFU-E expansion involves enhanced proliferation and reduced apoptosis in 

erythropoietic stress.  

Three major pathways downstream of EpoR are the STAT5, PI3K/Akt, and MAPK 

pathways. We treated sorted BFU-E and sCFU-E in vitro with pathway inhibitors and 

examined the effects. STAT5 inhibitor pimozide completely abolished sCFU-E cell 

growth, while PI3K and MAPK inhibitors had much weaker effects (Fig. 4C). This is 

consistent with prior findings that STAT5 deficient mice have a near-normal hematocrit 

but are deficient in erythropoietic stress response.10  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.27.497649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497649


 13

To verify the role of STAT5 in sCFU-E expansion, we used another murine model, 

EpoR-H (here refer to as EpoR(core+Y343)), that expresses EpoR(core) with Tyr343 

restored (Fig. 4D).12 EpoR Tyr343 is a major STAT5 binding site and rescues both 

STAT5 activation and erythropoietic stress response in EpoR(core).11 EpoR(core+Y343) 

rescued sCFU-E expansion upon phlebotomy (Fig. 4E), suggesting that the 

EpoR/JAK2/STAT5 signaling pathway promotes sCFU-E expansion in stress 

erythropoiesis.  

The IGF1R/IRS2 pathway regulates sCFU-E expansion – We examined several 

known STAT5 target genes downstream of Epo in sCFU-E cells, including Cish, a 

feedback negative regulator of cytokine receptor signaling, Bcl2l1, an anti-apoptosis 

modulator, and Fam132b (also known as erythroferron), which regulates iron 

distribution. While these targets were all induced in CFU-E, they were hardly induced in 

sCFU-E (Fig. 5A). In contrast, Irs2 (insulin receptor substrate-2) was acutely induced in 

sCFU-E by Epo (Fig. 5A) or phlebotomy (Fig. 5B). Consistent with the defect of 

EpoR(core) but not EpoR(core+Y343) to support sCFU-E expansion, Epo-induced Irs2 

expression was hampered in EpoR(core) and was restored in EpoR(core+Y343) sCFU-E 

(Fig. 5C-D).  

IRS2 is an adaptor protein that mediates signaling from both the IGF1 receptor 

(IGF1R) and the insulin receptor,30 and erythroid progenitors express higher levels of  

IGF1R.25 Consistent with a role of IGF1R and IRS2 in sCFU-E expansion, IGF1 

promoted sCFU-E colony formation in wild-type but not EpoR(core) mice (Fig. 5E).  

We next examined whether exogenous IRS2 expression can rescue growth of 

EpoR(core) sCFU-E. Lin- bone marrow cells from wild-type or EpoR(core) mice were 
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retrovirally transduced to express myc-tagged IRS2 using a bicistronic vector that also 

expresses GFP. These cells were first cultured in the absence of Epo to allow IRS2 

expression before switching to Epo-containing media to promote erythroid cell 

proliferation and differentiation. Transduction efficiencies were comparable between 

wild-type and EpoR(core) cells (data not shown), and GFP+ cells were gated for analyses. 

Exogenous expression of IRS2 significantly expanded EpoR(core) sCFU-E and 

downstream Ter119+ progenies (Fig. 5F). Ter119+ progeny produced by EpoR(core) 

progenitors was greater in number than that produced by normal progenitors, possibly 

because EpoR(core), besides its inability to induce Irs2, is also defective in inducing 

negative regulators of EpoR signaling such as Cish (data not shown).  

Impaired sCFU-E expansion prevents erythrocytosis in JAK2(V617F)-induced 

myeloproliferative neoplasms – In myeloproliferative neoplasms (MPN), particularly 

polycythemia vera (PV), erythrocytes are overproduced as a result of abnormal and 

persistent high erythropoietic activity as in stress erythropoiesis. We previously showed 

that the EpoR, by acting as a scaffold to recruit signaling proteins, is required for the 

hyperactive JAK2 mutant JAK2(V617F) to drive erythrocytosis.21 To test whether 

JAK2(V617F) drives erythrocytosis via sCFU-E expansion, we employed murine bone 

marrow transplant models of JAK2(V617F)-driven MPN (Fig. 6A).21 In mice expressing 

normal EpoR, JAK2(V617F) drove both erythrocytosis and granulocytosis; however, in 

mice expressing EpoR(core), JAK2(V617F) drove granulocytosis but sCFU-E expansion 

was impaired and erythrocytosis was fully suppressed (Fig. 6A-C). These results were 

corroborated in a knock-in model of JAK2(V617F)-induced PV driven by Mx1-cre.31 

Erythrocytosis and splenomegaly were normalized in EpoR(core)JAK2(V617F)KI mice 
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(Fig. 6D and Supplemental Fig. 4), and the numbers of sCFU-E, CFU-E and Ter119+ 

cells were significantly reduced (Fig. 6E).  

To directly compare the ability of JAK2(V617F) to drive constitutive signaling in 

cells expressing wild-type EpoR or EpoR(core), we isolated BFU-E, sCFU-E and CFU-E 

from EpoR/JAK2(V617F)KI and EpoR(core)/JAK2(V617F)KI mice and compared their 

growth in vitro in the absence of Epo. sCFU-E and BFU-E with a normal EpoR grew 

robustly in the absence of Epo, but sCFU-E and BFU-E from EpoR(core) did not (Fig. 

6F). CFU-E from both animals had similar growth, indicating that signals in CFU-E and 

later Ter119+ erythroblasts are largely preserved in EpoR(core) cells (Fig. 6F). Even in 

cultures with Epo, BFU-E and sCFU-E expressing JAK2(V617F) with wild-type EpoR 

grew much better and generated more progeny than those with EpoR(core), whereas the 

difference in CFU-E was mild (Supplemental Fig. 5). These results show that 

JAK2(V617F)-dependent erythrocytosis requires induction of sCFU-E via signaling 

downstream of EpoR.  

Consistent with the importance of IGF1R/IRS2 signaling in sCFU-E expansion, Irs2 

expression was higher in sCFU-E in mice expressing JAK2(V617F) than wild-type JAK2 

(Fig. 6G). Irs2 expression was also higher in sCFU-E from EpoR/JAK2(V617F) mice 

than from EpoR(core)/JAK2(V617F) mice (FIG. 6H). Irs2 expression was normal in 

EpoR(core)/JAK2(V617F) CFU-E cells, indicating that there exist alternative ways to up-

regulate Irs2 in CFU-E. 

To test whether IRS2 is essential for sCFU-E proliferation, we knocked down IRS2 in 

Lin- bone marrow cells from EpoR/JAK2(V617F) mice using lentiviral shRNA vectors. 

After a brief culture to allow for shRNA expression, cells were cultured in low Epo 
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media and compared for erythroid cell proliferation and differentiation. Two independent 

shRNAs targeting IRS2 decreased sCFU-E growth and production of downstream 

Ter119+ progeny relative to control shRNA (Fig. 6I), demonstrating that IRS2 is 

necessary for sCFU-E expansion in JAK2(V617F)-driven erythrocytosis.  

sCFU-E is expanded in human MPN – In humans, intermediate populations between 

BFU-E and CFU-E have been observed,32-34 and IRS2 expression increases upon 

erythroid differentiation in CD34+ cell cultures.35 We therefore tried to correlate our 

findings in the human setting. We examined bone marrow samples from JAK2(V617F)-

positive PV patients using established immunophenotypic markers for human BFU-E and 

CFU-E.26 Samples from lymphoma and monoclonal gammopathy of undetermined 

significance (MGUS) that show no marrow involvement were used as controls. Within 

Lin-IL3R- cells BFU-E was identified as CD34+CD36- and CFU-E as CD34-CD36+. Stem 

and early hematopoietic progenitors are also included in the BFU-E gate, but their 

numbers are presumably low. Similar to sCFU-E observed in mice, PV samples had 

significantly more intermediate CD34+CD36+ cells compared to controls (Fig. 7A). PV 

samples also had significantly more CFU-E (Fig. 7A). Consistent with an essential role of 

JAK2 signaling, fewer CD34+CD36+ and CFU-E cells were observed in a PV sample 

from a patient treated with JAK2 inhibitors and hydroxyurea (Fig. 7A). We also 

established in vitro cultures of sorted PV BFU-E and normal controls. Similar to what 

was observed in murine cultures, BFU-E progressed to CD34+CD36+ cells then to CFU-E 

(Fig. 7B). Importantly, while the initial percentages of CD34+CD36+ cells were similar 

between control and PV samples (day 2), higher percentages of CD34+CD36+ cells 
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persisted in PV cultures (Fig. 7B, Supplemental Fig. 6). Together, these results suggest 

that CD34+CD36+ cells are equivalent to sCFU-E observed in murine models. 

Ashley et al. recently showed that intermediate CD34+CD36+ cells could be grown 

from CD34+ cell culture in vitro and form CFU-E colonies.33 These cells can be further 

dissected into immature CD71medCD105med and mature CD71hiCD105hi subsets, and only 

CD71medCD105med cells are responsive to dexamethasone.33 Murine sCFU-E cells also 

express CD71 and CD105, and their expression increases as cells differentiate from BFU-

E to sCFU-E to CFU-E (Supplemental Fig. 7). Contrasting from what was observed for 

dexamethasone, PV CD34+CD36+ cells had increased percentages of the CD71hiCD105hi 

cells, but not the CD71hiCD105lo or CD71loCD105lo cells. A similar observation was 

made in PV mice, where the CD71hiCD105hi subset expanded more than 

CD71medCD105med subset in sCFU-E (Supplemental Fig. 8).  

To examine the therapeutic potential of targeting the IGF1R/IRS2 pathway in MPN, 

we examined the effect of two inhibitors. NT157 causes IRS2 degradation, whereas 

BMS-754807 inhibits IGF1R kinase activity.36 Both inhibitors, in a dose-dependent 

manner, effectively inhibited murine sCFU-E growth (Fig. 7C) and the ability of 

JAK2(V617F)-positive PV mononuclear cells to form erythroid colonies under low Epo 

conditions (Fig. 7D). Some PV patients harbor mutations in JAK2 exon 12 instead of 

V617F, these inhibitors also reduced erythroid colony formation in exon 12 mutant 

samples (Fig. 7D).  

Together, our results identify sCFU-E as a novel cell population specifically 

expanded in erythropoietic stress, and a synergistic crosstalk between EpoR and IGF1R, 

mediated by IRS2, is essential for sCFU-E expansion (Fig. 7E). Moreover, sCFU-E 
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expansion is essential for oncogenic JAK2 mutants to drive erythrocytosis in MPN. 

Therapeutic targeting of sCFU-E, both positively and negatively, could be beneficial for 

treating anemia and MPN, respectively.   
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DISCUSSION 

In this study, we identify an intermediate progenitor population, hierarchically 

between BFU-E and CFU-E, that is specifically induced by erythropoietic stress. These 

sCFU-E cells are targets of rising plasma Epo, driving the recovery of peripheral RBC 

mass. In MPN, sCFU-E are hijacked by oncogenic JAK2 mutants to drive erythrocytosis. 

Molecularly, we show that signaling from the EpoR distal domain, via STAT5 induction 

of IRS2, engages IGF1R signaling for sCFU-E expansion. These results identify sCFU-E 

as targets for therapeutic interventions in anemia or MPN.  

Mechanisms regulating stress erythropoiesis are best understood in the mouse spleen 

where it is most significantly observed. Survival of splenic Ter119+ erythroblasts but not 

their bone-marrow counterparts is regulated by Fas/FasL in stress erythropoiesis.37 

Wnt/-catenin signaling is not required for steady-state erythropoiesis,38 but is required 

for the proliferation of splenic stress erythroid progenitors and stress erythropoiesis.39 

Moreover, elegant studies from the Paulson laboratory has shown that erythropoietic 

stress stimulates migration of short-term hematopoietic stem cells to the spleen, where 

they expand and differentiate into specialized “stress BFU-E”. Contrary to steady-state 

BFU-E, the generation of “stress BFU-E” requires splenic bone morphogenetic protein 

BMP4.13,40 Singbrant et al. later showed that these splenic BMP4-responsive “stress 

BFU-E” are enriched in Lin-Kit+CD71loCD150+CD9+.41  

In contrast to these spleen-specific mechanisms, we found that sCFU-E expansion, 

both in regenerative erythropoiesis and in MPN, occurs in the marrow as well as the 

spleen. Because human stress erythropoietic response occurs in the bone marrow, 

expansion of sCFUE may thus represent a more conserved mechanism. In this regard, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 29, 2022. ; https://doi.org/10.1101/2022.06.27.497649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.27.497649


 20

sCFU-E may be similar to “day 3 BFU-E” cells observed after sublethal irradiation using 

colony assays.42 While normal BFU-E colonies form on day 7 post seeding, Peslak et al. 

showed that cells capable of generating BFU-E colonies on day 3 first expand in the 

marrow and subsequently migrate to the spleen after sublethal irradiation.42 “Day 3 BFU-

E” cells are more mature than normal BFU-E, are Epo-responsive, and are consistent 

with sCFU-E being an intermediate population between immature (day 7) BFU-E and 

CFU-E.  

The different modes and the diverse cellular entities and machineries highlight the 

complexity of regenerative erythropoiesis. Experimental anemia can be induced by 

different treatments such as phlebotomy, PHZ-induced hemolysis, irradiation, 

transplantation or inflammation. This mirrors the diverse clinical conditions stress 

erythropoiesis is involved in, including cardiac or pulmonary syndromes, anemia of 

multiple etiologies, chemotherapy and stem cell transplantation, or, in diseases such as 

MPN. It is proposed that BMP4-mediated stress erythropoiesis is specific to situations 

involving inflammation.15 Whether different response modalities are specific to different 

conditions, and the contribution of sCFU-E expansion in anemia induced by different 

means warrant further investigation. 

Since their discovery in 1978,32 the function of intermediate progenitors between 

BFU-E and CFU-E has remained elusive. Our results and that of others suggest that these 

cells are heterogeneous, and different subpopulations are regulated specifically. For 

example, the more immature CD34+CD36+CD71medCD105med cells are expanded upon 

glucocorticoid treatment in CD34+ cultures from normal but not steroid-resistant 

Diamond-Blackfan anemia patients.33 On the other hand, oncogenic EpoR/JAK2 
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signaling drives the expansion of the more mature CD34+CD36+CD71hiCD105hi cells in 

MPN. Understanding mechanisms regulating the different subpopulations may inform 

erythroid biology and the development of optimal therapies for different disease states.  

A role for IGF1 in expanding sCFU-E in stress erythropoiesis and erythrocytosis is 

consistent with prior findings that IGF1 stimulates the proliferation of erythroid 

progenitors.32,43,44 Moreover, erythroid progenitors in MPN patients are known to be 

hypersensitive to IGF1,45-47 and combinations of JAK2 and IGF1R inhibitors show 

therapeutic efficacy in MPN mice.48 Mice with poor ability to degrade the IGF1R due to 

deficiency of arsenite-inducible RNA-associated protein-like (AIRAPL) develop MPN.49 

IGF1 levels decreases significantly with age, and low IGF1 levels are associated with 

anemia and “anemia of aging”.50-53 The decline in IGF1 levels may support longevity,50 

but this may come at the cost of decreased ability to expand sCFU-E to respond to 

erythropoietic stress, which can exacerbate anemia in the elderly due to chronic diseases 

or iron deficiency.  

Molecularly, the linchpin connecting EpoR and IGF1R signaling pathways in 

promoting sCFU-E expansion is IRS2, an adaptor protein essential for IGF1R pro-growth 

signaling. Epo induces IRS2 expression in sCFU-E via STAT5 activation. Both Epo and 

IGF1 can induce tyrosine phosphorylation on IRS2, creating docking sites for other 

signaling proteins. IRS2 can also undergo other post-translational modifications that alter 

its functions.54-56 IRS2 can translocate into the nucleus and forms nucleolar complexes 

with upstream binding factor 1, which regulates RNA polymerase I activity in rRNA 

synthesis,57 or bind to NF-kb and localize to the cyclin D promoter.58 Therefore, IRS2 
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may contribute to sCFU-E expansion and erythroid progenitor proliferation and 

differentiation via multiple mechanisms. 

Our studies identify a new hematopoietic progenitor cell population induced to 

combat heightened erythroid demand in stress erythropoiesis. We also show that these 

cells can be hijacked to promote erythrocytosis in MPN. The lineage-restricted and 

stress-specific nature of sCFU-E may make them a safer and more ideal target for the 

treatment of both anemia and erythrocytosis. It should be noted that in MPN, 

simultaneous targeting of JAK2(V617F)-expressing HSC is necessary, but simultaneous 

targeting of expanded sCFU-E may allow for a lower HSC-directed treatment to reduce 

the toxicity observed in current treatment regimens.  
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FIGURE LEGENDS  
Fig. 1. sCFU-E cells expand in erythropoietic stress. (A) Flow cytometric gating 

strategy. (B) Percentages of sCFU-E cells increase in the bone marrow and spleen of 

phlebotomized mice 2 days post phlebotomy (C) Red blood cell (RBC) counts on 

indicated day post phlebotomy. (D) Representative flow cytometry plots of temporal 

sCFU-E increases in the bone marrow and spleen of phlebotomized mice. (E) 

Quantification of percentage changes of sCFU-E in (D). (F) Quantification of BFU-E, 

sCFU-E, CFU-E and Ter119+ cell percentages in phlebotomized mice at indicated times. 

(G) Total numbers of BFU-E, sCFU-E, CFU-E and Ter119+ cells in phlebotomized mice 

at indicated times. Data represent the mean  SD. *P < 0.05, **P < 0.01 analyzed by one-

way ANOVA.   

 

Fig. 2. sCFU-E exhibit higher growth potential and express lower levels of erythroid 

committed genes compared to CFU-E. (A) Histology staining of sorted BFU-E, sCFU-

E and CFU-E. (B) Quantification of forward scatter (FSC) median fluorescence intensity, 

an indicator of cell size, by flow cytometry (C) sCFU-E cells generate uni-focal colonies 

on day 2. Colonies generated from sCFU-E are larger than those from CFU-E cells. (D) 

Quantification of area per colony and average cell number per colony in (C). (E) Sorted 

sCFU-E cells generate more progenies than CFU-E in vitro. (F) Comparison of sCFU-E 

and CFU-E transcriptome by RNA-seq. The number of genes with expression greater 

(up) or less (down) than 1.5-fold are indicated. (G) Relative expression of indicated genes 

in sCFU-E vs. CFU-E cells from RNA-seq data. (H) Expression of indicated genes in 

sorted BFU-E, sCFU-E and CFU-E by qPCR. Gene expression is first normalized to -

actin and then to expression in BFU-E. Significant differences between sCFU-E and 
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CFU-E are specified. Data represent the mean  SD. Statistically significant differences 

indicated on top of each bar are in comparison to BFU-E. *P < 0.05, **P < 0.01 analyzed 

by Student’s t-test or one-way ANOVA. 

 

Fig. 3. sCFU-E expansion is impaired in mice expressing truncated EpoR. (A) 

Diagrams of full-length EpoR and EpoR(core). (B) Epo-induced sCFU-E expansion is 

defective in EpoR(core) mice. Percentages of sCFU-E cells in the bone marrow or spleen 

were quantified at indicated times post Epo injection in mice expressing wild-type EpoR 

or EpoR(core). Statistically significant differences indicated on top of each bar are in 

comparison to time 0, whereas significant differences between EpoR and EpoR(core) at 

specific time points are specified. (C) Representative flow cytometry data from (B). (D) 

sCFU-E expansion post phlebotomy is defective in EpoR(core) mice. Statistically 

significant differences indicated on top of each bar are comparison with day 0, whereas 

significant differences between EpoR and EpoR(core) at specific time points are 

specified. (E) RBC counts post phlebotomy in mice expressing EpoR or EpoR(core) at 

indicated times. (F) RBC counts post phenylhydrazine (PHZ)-induced hemolysis in mice 

expressing EpoR or EpoR(core) at indicated times. (G) EpoR(core) mice succumb to 

erythropoietic stress elicited by PHZ treatment. Dosing of 62.5 mg/kg (PHZlo) or 87.5 

mg/kg (PHZhi) is as indicated. (H) Sorted BFU-E and sCFU-E from EpoR(core) mice 

generated dramatically less erythroid progenies. Ter119+ erythroid progenies are 

enumerated at indicated time harvested from in vitro culture. Data represent the mean  

SD. *P < 0.05, **P < 0.01 analyzed by two-way ANOVA.  
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Fig. 4 STAT5 signaling is essential for sCFU-E growth. (A) Proliferation increases in 

sCFU-E cells post phlebotomy. (B) Apoptosis decreases in sCFU-E cells post 

phlebotomy. (C) Inhibitors to STAT5 abolish sCFU-E growth. Sorted BFU-E and sCFU-

E cells are cultured in 10M inhibitors or vehicle control (DMSO) and analyzed after 48 

hours. (D) Diagrams of EpoR(core) and EpoR(core+Y343). (E) Y343 in EpoR rescues 

STAT5 binding and sCFU-E expansion in EpoR(core+Y343) mice. Data represent the 

mean  SD. *P < 0.05, **P < 0.01 analyzed by Student’s t-test or two-way ANOVA.  

 

Fig. 5 STAT5-induced IRS2 engages IGF1R signaling to promote sCFU-E growth. 

(A) Epo-induced expression of candidate STAT5 target genes in sorted BFU-E, sCFU-E 

and CFU-E by qPCR. (B) Phlebotomy induces IRS2 expression in sCFU-E. Statistically 

significant differences indicated on top of each bar are comparison with BFU-E, whereas 

significant differences between non-phlebotomized and phlebotomized conditions are 

specified (C) Epo-induced IRS2 expression is defective in sCFU-E and CFU-E of 

EpoR(core) mice. (D) Y343 rescues Epo-induced IRS2 expression in EpoR(core+Y343) 

sCFU-E and CFU-E. (E) IGF1 increases sCFU-E colonies in mice expressing wild-type 

but not EpoR(core). (F) Exogenous expression of IRS2 increases the growth of sCFU-E 

cells and the number of Ter119+ progenies generated in bone marrow cells from 

EpoR(core). GFP+ cells were gated for analyses and normalized to vector controls. *P < 

0.05, **P < 0.01 analyzed by one-way or two-way ANOVA. 

 

Fig. 6 Impaired sCFU-E expansion prevents JAK2(V617F)-driven erythrocytosis in 

MPN. (A) Blood cell counts in transplanted mice expressing EpoR or EpoR(core) 
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together with JAK2 or JAK2(V617F) 3 months post transplantation. RBC: red blood cell 

count. HCT: hematocrit. WBC: white blood cell count. (B-C) JAK2(V617F)-driven 

sCFU-E expansion is defective in transplant recipient mice expressing EpoR(core). 

Representative flow plots are shown in (B) and quantifications in (C). (D) Expression of 

EpoR(core) prevents JAK2(V617F)-induced splenomegaly in JAK2(V617F)KI mice. (E) 

The numbers of sCFU-E, CFU-E and Ter119+ cells are significantly reduced in 

EpoR(core)/JAK2(V617F)KI mice compared to EpoR/JAK2(V617F)KI mice. (F) Sorted 

BFU-E and sCFU-E from EpoR(core)/JAK2(V617F)KI mice fail to generate Ter119+ 

progenies in vitro. Cells were cultured in media with SCF but devoid of Epo. (G) In mice 

expressing wild-type EpoR, JAK2(V617F) increases IRS2 mRNA expression in sCFU-E 

and CFU-E cells. (H) IRS2 mRNA expression is significantly reduced in sCFU-E from 

EpoR(core)/JAK2(V617F) mice. (I) IRS2 knockdown inhibits sCFU-E and erythroid 

progeny growth in vitro. GFP+ cells are gated for analyses. sCFU-E fold changes are 

normalized to shControl, and the relative growth of Ter119+ cells are normalized to cell 

numbers at 24 hrs. *P < 0.05, **P < 0.01 analyzed by two-way ANOVA. 

 

Fig. 7 sCFU-E is expanded in human PV and inhibition of IGF1R/IRS2 signaling 

suppresses Epo-hypersensitive erythroid colonies. (A) Percentages of CD34+CD36+ 

and CD34-CD36+cells increase in PV samples. (B) In vitro culture of sorted BFU-E from 

PV or controls. Cells are examined by flow cytometry on indicated day post culture. (C) 

Inhibitors of IRS2 or IGF1R kinase activity reduce sorted murine sCFU-E growth in 

vitro. Data presented are 48 hours in culture (D) IRS2 and IGF1R kinase inhibitors 

reduce the number of erythroid colonies grown from peripheral mononuclear cells from 
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PV patients. Cells are cultured in methylcellulose media with SCF (50ng/ml) and low 

Epo (0.05U/ml) and colonies are scored on day 14. (E) Current model of EpoR-

IGF1R/IRS2 signaling crosstalk. *P < 0.05, **P < 0.01 analyzed by Student’s t-test or 

one-way ANOVA.  
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