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Abstract

Globin gene regulation occurs in the context of a maturing erythroid cell, which is undergoing 

significant changes in chromatin structure and gene expression. There are few model systems 

available that facilitate studies of globin gene regulation in the context of erythroid maturation. 

Extensively self-renewing erythroblasts (ESREs) are a nontransformed model of erythroid 

maturation derived from murine fetal liver or yolk sac. Imaging flow cytometry and RNA-seq 

studies demonstrate that ESREs functionally and molecularly model erythroid maturation. To 

address the need for a model system that also recapitulates human globin switching, ESREs were 

derived from mice transgenic for the complete human β-globin locus (β-yac ESREs). β-yac 

ESREs express β-globin from the transgenic human locus, with minimal γ-globin expression. 

When treated with hydroxyurea or inhibitors to histone deacetylases, DNA methyltransferases, or 

the histone demethylase lysine specific demethylase 1 (LSD1), β-Yac ESREs significantly 

increase their γ-globin expression, demonstrating their utility for studying agents that influence 

maturational globin switching. β-yac ESREs were further used to characterize the secondary 

effects of LSD1 inhibition on erythroid maturation, with inhibition of LSD1 resulting in altered 

cell and nuclear size, prolonged Kit expression, and decreased rates of enucleation consistent with 

impaired maturation. Taken together, these studies demonstrate that β-yac ESREs have significant 

utility for identifying modulators of maturational globin switching as well as for studying the 

broader role of those modulators in erythroid maturation.

The switch from γ-globin to β-globin has been intensely studied, with the hope of 

identifying novel therapies for sickle cell disease and β-thalassemia. Several chromatin 
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modifiers that influence the γ- to β-globin switch have been identified, including histone 

deacetylases (HDACs) [1–3], DNA methyltransferases (DNMTs) [4,5], and the histone 

demethylase lysine specific demethylase 1 (LSD1) [6,7]. Compounds that inhibit these 

chromatin modifiers represent potential therapies for the β-globinopathies [5,6,8–10], 

however their effect in erythroid cells is not limited to globin switching. Globin gene 

regulation occurs in the context of a maturing erythroid cell, which is undergoing significant 

changes in gene expression and chromatin structure. Chromatin modifiers such as lysine 

specific demethylase 1 (LSD1) play a critical role in this process [11,12], and inhibition of 

these chromatin modifiers can affect erythroid maturation as well as globin gene expression 

[13]. Model systems that facilitate study of globin gene regulation in the context of a 

maturing erythroid cell are limited, since transformed cell lines, such as murine 

erythroleukemia (MEL) or K562, fail to accurately recapitulate erythroid maturation or 

globin switching [14] and have significant copy number and karyotypic abnormalities.

Extensively self-renewing erythroblasts (ESREs) provide a unique model system for 

studying the role of chromatin modifiers, such as LSD1, in erythroid maturation. Derived 

from murine yolk sac or fetal liver, ESREs are non-transformed cells that extensively 

proliferate the proerythroblast phase while retaining the ability to appropriately mature and 

enucleate in approximately 3–4 cell divisions [15]. They are synchronous and abundant, 

making them well suited for functional and genomic studies of erythroid maturation. 

Genomic and functional studies in this report demonstrate that ESREs have changes in 

morphology, cell surface marker, and RNA expression that are consistent with terminal 

erythroid maturation. In contrast to the widely used two-phase CD34+ culture system [16], 

ESREs proliferate as proerythroblasts, facilitating studies of the later stages of erythroid 

maturation, and do not require access to scarce human CD34+ hematopoietic stem and 

progenitor cells. Extensively self-renewing erythroblasts are excellent models of terminal 

erythroid maturation, but, because they are murine cells, they are limited in their utility for 

studies of γ-globin expression.

To create a model system that could be used to study both erythroid maturation and globin 

gene expression, ESREs were derived from transgenic mice with the complete human beta 

globin locus (β-yac mice), a model system that has been widely used to study the γ- to β-

globin switch in vivo [17,18]. Extensively self-renewing erythroblasts derived from β-yac 

mice (β-yac ESREs) express significant amounts of human β-globin and little γ-globin from 

the transgenic locus. In contrast to other model systems that utilize a transgenic β-globin 

locus [19,20], treatment of β-yac ESREs with inhibitors to LSD1, HDACs, DNMTs, or 

hydroxyurea results in a significant increase in γ-globin expression, demonstrating that these 

cells can be used to study modulators of globin gene expression. Because the LSD1 inhibitor 

tranylcypromine (TCP) is a potential therapy for the β-globinopathies [6], β-yac ESREs 

were further used to study the effect of TCP on erythroid maturation. Consistent with 

previous studies [13], cells treated with TCP had alterations in multiple facets of erythroid 

maturation, including cell and nuclear size, cell surface marker expression, benzidine 

accumulation and enucleation. Taken together, these studies demonstrate that β-yac ESREs 

have significant utility for functional and molecular studies of both erythroid maturation and 

globin gene regulation.
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Methods

Mice and tissues

The University of Rochester’s Committee on Animal Resources approved all experiments 

utilizing mice. Male mice hemizygous for four copies of the complete human β-globin locus 

(β-yac mice) were mated overnight with outbred ICR (Jackson Laboratories, Bar Harbor, 

Maine, USA) or C57BL/6 (Jackson Laboratories) mice, and vaginal plugs were checked 

after 12 hours (embryonic day 0.5). At various gestational ages, the mice were killed by CO2 

narcosis, and the embryos harvested by dissection in PB2 (Dulbecco phosphate-buffered 

saline [Invitrogen, Grand Island, NY, USA] supplemented with 0.1% glucose [Invitrogen] 

and 0.3% bovine serum albumin [Fisher Scientific, Waltham, MA, USA]). Genotyping of 

resulting embryos was done using quantitative polymerase chain reaction. Primers are listed 

in Supplementary Table E1 (online only, available at www.exphem.org).

Erythroid expansion culture

Extensively self-renewing erythroblasts were derived as previously described [15]. They 

were maintained at a concentration of 1 × 106/mL in expansion media composed of 

StemSpan SFEM media (Stem Cell Technologies, Vancouver, BC, Canada) supplemented 

with human recombinant erythropoietin 2U/mL, Stem Cell Factor 100 ng/mL (Pepro-Tech, 

Rocky Hill, NJ, USA), dexamethasone 10−6 mol/L (Sigma, St. Louis, MO, USA), insulin-

like growth factor 1 40 ng/mL (Pepro Tech), penicillin/streptomycin (Invitrogen), and 

cholesterol mix to a final concentration of 0.4% (Sigma). Partial medium changes were done 

daily.

Erythroid cell maturation

Maturation of ESREs was initiated by placing them in dexamethasone-free medium, as 

previously described [15]. Briefly, the cells were washed in PB2 and suspended in 

maturation media, composed of Iscove’s modified Dulbecco’s medium (IMDM; Gibco, 

Grand Island, NY, USA), supplemented by 2U/mL human recombinant erythropoietin, 100 

ng/mL stem cell factor (SCF), 10% serum replacement (Invitrogen), 5% plasma derived 

serum (PDS; Animal Technologies, Tyler, TX, USA), and glutamine.

Antibodies and inhibitors

Inhibitors utilized for studies of globin expression and erythroid maturation were 1 μmol/L 

TCP (Sigma), 0.75 μmol/L sodium butyrate (Sigma), 50 μmol/L hydroxyurea (HU) (Sigma) 

and 0.1 μmol/L decitabine (Selleck Chemicals, Houston, TX, USA). Antibodies used 

included CD71-FITC (eBioscience, San Diego, CA, USA), and Kit-FITC (eBioscience). 

Fetal globin detection was done using the Invitrogen Fetal Hemoglobin Test Kit (Invitrogen), 

according to the manufacturer’s instructions. An APC conjugated fetal hemoglobin antibody 

(Invitrogen) was substituted for the FITC-conjugated antibody provided in the kit to 

overcome the autofluorescence inherent in cultured cells.
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Analysis of gene expression using quantitative reverse transcription PCR

RNA was isolated using Trizol, and cDNA was generated using the SuperScript III First 

Strand kit (Invitrogen). Quantitative reverse transcription polymerase chain reaction (qPCR) 

was used to assess the expression of the murine embryonic (βH1) and adult (β1 and β2) 

globins, as well as the human fetal (γ), and adult (β) globins. Primers are listed in 

Supplementary Table E1 (online only, available at www.exphem.org). Data were normalized 

to 18s expression, and p values were calculated using Student’s t test.

RNA-seq and bioinformatic analyses

RNA was isolated from self-renewing ESREs and ESREs following day 1 of maturation 

using RNAeasy kit (QIAGEN, Hilden, Germany) and subjected to polyA selection. 

Biological replicates were investigated at each time point. After fragmentation and reverse 

transcription, second-strand synthesis was used to create double-stranded cDNA fragments. 

The cDNA fragments were end repaired and Illumina-sequencing adaptors attached, 

followed by limited PCR amplification. After gel-based size selection, the resulting DNA 

was subjected to 65 bp of single-end sequencing. Image analysis and base-calling were done 

using Illumina Genome Analyzer Pipeline software (Illumina, San Diego, CA, USA). 

Sequence reads were aligned to the mouse reference genome (UCSC assembly mm9, NCBI 

build 37) using SHRiMP2 [21]. Differential expression was assessed using the Cuffdiff suite 

of software [22]. The data discussed in this publication have been deposited in NCBI’s Gene 

Expression Omnibus (GEO) [23] and are accessible through GEO Series accession number 

GSE54826 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE54826).

Imaging flow cytometry

Extensively self-renewing erythroblasts or β-yac ESREs were stained with CD71-FITC 

(eBioscience), c-Kit-PE (eBioscience), DAPI (Sigma-Aldrich, St Louis, MO, USA), and 

DRAQ5 (eBioscience) and run on the ImageStream (Amnis, Seattle, WA, USA). The data 

was analyzed with IDEAS software (Amnis) as previously published [24].

Results

Extensively self-renewing erythroblasts derived from transgenic mice with the human β-
globin locus model terminal erythroid maturation and express β-globin from the transgenic 
locus

Extensively self-renewing erythroblasts were derived from mice transgenic for the complete 

human β-globin locus (β-yac ESREs) by culturing yolk sac or fetal liver in the presence of 

erythropoietin (2 U/mL), SCF (100 ng/mL), insulin-like growth factor 1 (IGF1; 40 ng/mL), 

and dexamethasone (10−6 mol/L) [15]. Consistent with previous studies [15], the cells 

initially underwent a 7–10 day period of restricted proliferation before the establishment of 

extensive ex vivo expansion (Fig. 1A). Once extensive ex vivo expansion was established, 

the β-yac ESREs doubled approximately once daily and had morphologic characteristics of 

proerythroblasts (Fig. 1B). The cultures were routinely maintained over 50 days.

Erythroid maturation is characterized by a progressive decrease in cell and nuclear size, 

which is accompanied by changes in cell surface markers and ultimately followed by 
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enucleation [25]. Despite their prolonged period of ex vivo self-renewal, β-yac ESREs 

maintained the ability to appropriately mature and enucleate as a semisynchronous cohort. 

After 3 days in maturation media, the culture was composed primarily of late stage erythroid 

precursors, enucleated reticulocytes, and pyrenocytes (Fig. 1B), and the majority of cells 

were benzidine positive (Fig. 1C). Imaging flow cytometry was used to further detail the 

phenotypic changes that occur during β-yac ESRE maturation. Before placement in 

maturation media, β-yac ESREs had a large nuclear-to-cytoplasmic ratio, as well as a Kit-

high phenotype. During maturation, Kit expression was downregulated (Fig. 1D), and the 

cell and nuclear size became progressively smaller (Fig. 1E). β-yac ESREs enucleate in a 

semisynchronous manner, with 10% of cells enucleated on maturation day 2 and 40% of 

cells enucleated on maturation day 3 (Fig. 1F).

The globin expression profile of β-yac ESREs was assessed using qPCR. Similar to 

nontransgenic ESREs [15], β-yac ESREs express β major from the endogenous murine 

globin locus, with little βH1 expression (Fig. 2A). Importantly, β-yac ESREs also have an 

adult pattern of globin expression from the transgenic locus, expressing primarily β-globin 

(Fig. 2B). In contrast, in unsorted, uncultured β-yac fetal liver, both the murine and human 

embryonic and adult globins were detected (Fig. 2C and D). The pattern of globin 

expression did not vary between fetal liver–and yolk sac–derived β-yac ESREs 

(Supplementary Figure E1, online only, available at www.exphem.org).

Extensively self-renewing erythroblasts have mRNA expression changes consistent with 
erythroid maturation

Erythroid maturation is accompanied by characteristic changes in mRNA expression [26], 

with high-level expression of some erythroid-specific genes, as well as the silencing of many 

other genes [27] in preparation for nuclear condensation and enucleation. To further validate 

ESREs as a model of terminal erythroid maturation, RNA-seq was used to characterize 

changes in mRNA expression that occur during ESRE maturation. To simplify mapping of 

sequence reads to the murine reference genome, ESREs derived from nontransgenic mice 

were used for RNA-seq studies. Extensively self-renewing erythroblasts derived from 

nontransgenic mice behave similarly to β-yac ESREs. They are capable of extensive ex vivo 

expansion, doubling daily at the proerythroblast phase (Supplementary Figure E2, online 

only, available at www.exphme.org), while maintaining the ability to mature and enucleate 

(Supplementary Figures 2 and 3, online only, available at www.exphem.org) in a 

semisynchronous cohort. To further demonstrate the similarities between β-yac ESREs and 

nontransgenic ESREs, the expression of several key transcriptional regulators was found to 

be similar after assessment by qPCR in expanding ESREs and β-yac ESREs (Supplementary 

Figure E4, online only, available at www.exphem.org).

The transcriptome of expanding ESREs was compared with the transcriptome of ESREs 

after 1 day of maturation, when the cells have begun to mature, but not yet enucleate. 

Biological replicates were investigated at each time point. Although the cells underwent only 

24 hours of maturation, over 1,600 genes were differentially expressed (p < 10−3, false 

discovery rate < 0.01) (Supplementary Table E2, online only, available at www.exphem.org). 

Differentially expressed genes included key erythroid transcription factors (Tal1, Klf1), 
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membrane protein genes (EPB49, Band3, Gypa, and TMOD1) and several genes that play 

pivotal roles in globin switching (Myb, Sox6, and Klf1). In total, 354 genes were 

upregulated, 1,318 genes were downregulated, and 24,117 genes had no statistically 

significant changes in expression (Fig. 3A).

Pathway analysis was performed with Ingenuity Pathway Analysis (Qiagen; 

www.ingenuity.com) on the 354 genes with a statistically significant increase in expression. 

Consistent with their phenotype as maturing erythroid cells, the most significant canonical 

pathway identified was heme biosynthe6sis (p = 5.3 × 10−6), and the top network identified 

was hematologic disease (score 62, focus molecules 32) (Fig. 3B). In addition, Gata1, Klf1, 

and erythropoietin were all predicated as upstream regulators, with p values of 2.8 × 10−11, 

1.13 × 10−8, and 8.98 × 10−5, respectively.

The transcriptome of ESREs is similar to uncultured fetal liver–derived erythroid cells

To gain further insights into the validity of the ESRE culture system, the RNA expression 

profile of proliferating ERSEs was compared with the RNA expression profile of primary 

fetal liver–derived proerythroblasts and basophilic erythroblasts. Gene expression in the 

ESREs was determined using RNA-seq, as described above. Expression data on the primary 

uncultured fetal liver proerythroblasts and basophilic erythroblasts was attained from the 

Erythron Database [27], which contains Affymetrix expression data on well characterized 

populations of primary erythroid precursors. As expected, RNA-seq was significantly more 

sensitive at determining gene expression than microarray, with the detection of 21,278 

transcripts by RNA-seq in proliferating ESREs, and 4,412 transcripts detected by microarray 

in uncultured proerythroblasts and basophilic erythroblasts. There was significant overlap in 

the gene expression patterns between the ESREs and uncultured erythroid precursors, with 

93% of genes expressed in proerythroblasts and basophilic erythroblasts expressed in 

proliferating ESREs (Supplementary Figure E5A, online only, available at 

www.exphem.org). When applying a stringent expression cutoff of fragments per kilobase of 

exon per million fragments mapped (FPKM) > 0.5 to the RNA-seq data, there were 10, 384 

transcripts detected in the expanding ESREs. Even with the stringent expression cutoff, 79% 

of genes expressed in the proerythroblasts and basophilic erythroblasts were also expressed 

in proliferating ESREs (Supplementary Figure E5B, online only, available at 

www.exphem.org).

Since the most clinically relevant regulation of γ-globin expression occurs in adult bone 

marrow, the transcriptome of proliferating ESREs was also compared with the transcriptome 

of uncultured adult bone marrow–derived erythroid precursors. We detected 7297 transcripts 

by Affymetrix array [27] in sorted adult bone marrow proerythroblasts and basophilic 

erythroblasts. Of those transcripts, 91% were also expressed in proliferating ESREs 

(Supplementary Figure E6A, online only, available at www.exphem.org). When an 

expression cutoff of FPKM > 0.5 was applied to the RNA-seq data, there was a 78% overlap 

in gene expression (Supplementary Figure E6B, online only, available at www.exphem.org).
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Inhibition of chromatin modifiers alters the globin expression patterns of β-yac ESREs

Inhibitors to HDACs, DNMTs, and LSD1 have been shown to increase γ-globin expression 

in some model systems [6,12,28–32], and some of these agents have been proposed as 

potential therapies for the β-globinopathies. To determine whether β-yac ESREs are a 

suitable model system for studying agents that alter γ-globin expression, β-yac ESREs were 

placed in maturation media and treated with either TCP (LSD1 inhibitor), sodium butyrate 

(HDAC inhibitor), decitabine (DNA methyltransferase inhibitor), HU, or a combination of 

decitabine and TCP for 24 hours. RNA was then harvested and mRNA expression of the 

murine and transgenic globin genes assessed. A significant increase in γ-globin expression 

was seen with all treatment conditions (Fig. 4A), demonstrating that β-yac ESREs can 

upregulate their γ-globin expression in response to a variety of agents with differing 

mechanisms of action. Consistent with a recent study [6], the largest increase in γ-globin 

expression was seen when the cells were treated with a combination of TCP and decitabine, 

with over a hundredfold increase in both γA− and γG-globin expression (p < 0.0005). For all 

treatment conditions, the increase in γ-globin expression was accompanied by a 

corresponding decline in β-globin expression (Fig 4B and C).

Treatment of β-yac ESREs with the inhibitors also affected globin expression from the 

endogenous murine locus. Consistent with previous studies suggesting an evolutionary 

relationship between γ-globin and the embryonic murine globin βH1 [33–36], βH1 is 

expressed at extremely low levels in β-yac ESREs. Treatment of β-yac ESREs with 

decitabine, TCP and decitabine, sodium butyrate, or HU resulted in a modest increase in 

βH1 expression (Supplementary Figure E7A, online only, available at www.exphem.org). 

Inhibitor treatment also influenced murine beta major expression (Supplementary Figure 

E7B, online only, available at www.exphem.org), but had no effect on α-globin expression 

(Supplementary Figure E7C, online only, available at www.exphem.org).

Flow cytometric (FACS) analyses were used to determine the fraction of cells expressing 

fetal hemoglobin. Before maturation, the β-yac ESREs did not express significant amounts 

of adult or fetal hemoglobin. Compared with vehicle control, a significant induction of fetal 

hemoglobin was detected when the cells were matured in the presence of decitabine, sodium 

butyrate, or hydroxyurea (Supplementary Figure E8, online only, available at 

www.exphem.org). Interestingly, the addition of TCP to the culture medium, either alone or 

in combination with decitabine, resulted in a significant overall decrease in the number of 

cells positive for both adult and fetal globin. Impaired or delayed erythroid maturation may 

have contributed to the decreased expression of both the adult and fetal globin in the TCP-

treated samples.

Inhibition of the histone demethylase LSD1 leads to phenotypic changes in ESREs 
consistent with delayed erythroid maturation

Multiple studies have suggested that LSD1 inhibition has effects in erythroid cells beyond 

increased γ-globin expression, such as impaired erythroid maturation [11–13], although 

these effects have been incompletely characterized. To determine the effects of LSD1 

inhibition on erythroid maturation, β-yac ESREs were placed in maturation media and 

treated with either 1 μmol/L TCP or vehicle control (dimethyl sulfoxide), and their 
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maturation assessed. Significant phenotypic differences were observed between the TCP-

treated cells and the vehicle-treated controls. By day 3 of maturation, the vehicle-treated 

cultures were composed primarily of late-stage erythroid precursors and enucleated cells 

(Fig. 5A, top panel). In contrast, the TCP-treated cultures were much more heterogeneous in 

appearance. Although some late-stage erythroid precursors and enucleated cells could be 

seen, the culture was composed primarily of less mature cells, which were more basophilic 

with a larger cell and nuclear area (Fig. 5A, bottom panel). The TCP-treated cultures also 

had a significantly lower rate of benzidine accumulation (Fig. 5B).

Imaging flow cytometry was used to quantify the differences in maturation observed in 

vehicle and TCP treated cultures. After 3 days in maturation media, the TCP-treated cells 

had prolonged Kit expression (Fig. 5C), as well as larger cell and nuclear areas (Fig. 5D), 

compared with vehicle treated controls. The TCP-treated samples also had a significant 

deficit in enucleation, determined by comparing DRAQ5 intensity to cell area. On day 3 of 

maturation, 3% of TCP-treated cells were enucleated, compared with 26% of vehicle-treated 

cells (Fig. 5E). Image stream analyses were repeated on maturation day 4, to determine 

whether the maturation of TCP-treated cultures was simply delayed, as opposed to 

abnormal. On maturation day 4, nuclear size was similar between TCP-and vehicle-treated 

samples; however, the TCP-treated cells continued to be slightly larger, with continued Kit 
expression and lower rates of enucleation than vehicle treated control (Supplementary Figure 

E9, online only, available at www.exphem.org).

Discussion

At the molecular level, erythroid maturation is driven by a complex combination of cis- and 

transacting factors that act in concert to drive the expression of erythroid-specific genes. The 

establishment of stage-specific patterns of transcription factor binding and chromatin 

architecture is necessary both for normal erythroid maturation and for the control of 

erythroid-specific genes, such as γ-globin. Chromatin modifiers, such as HDACs, DNMTs, 

and the histone demethylase LSD1, play important roles in the regulation of erythroid 

maturation and also influence globin gene expression. Inhibitors to these chromatin 

modifiers represent potential treatments for the β-globinopathies, but it is also important to 

study how these inhibitors influence erythroid maturation.

Consistent with previous studies [6], treatment of β-yac ESREs with the LSD1 inhibitor 

TCP leads to a significant increase in γ-globin expression. Interestingly, the magnitude of 

the γ-globin increase observed in β-yac ESREs, which lack promiscuous γ-globin 

expression, was somewhat lower than was previously reported in CD34+ derived erythroid 

cultures [6], which have a significantly higher baseline level of γ-globin expression. Despite 

the fact that LSD1 inhibitors have been shown to increase γ-globin levels in a variety of 

model systems [6], their role in the in the treatment of the β-globinopathies remains 

controversial due to their secondary effects on erythroid maturation [11,13]. In β-yac 

ESREs, TCP treatment was associated with significant impairments in erythroid maturation, 

including increased cell and nuclear size, altered cell surface marker expression, and 

decreased rates of enucleation. Further studies are needed to determine if the benefits 
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associated with increased γ-globin expression will outweigh the deleterious effects of LSD1 

inhibition on erythroid maturation.

The study of globin switching has long been hampered by a lack of model systems that 

accurately model globin switching or erythroid maturation. Several recent reports have 

attempted to create model systems that could be utilized to study agents that increase γ-

globin expression [19,20]. One study attempted to use MEL cells engineered with florescent 

reporter constructs under the control of the human β-globin locus to identify agents that 

increase γ-globin expression. When challenged with known inducers of γ-globin 

expression, these cells were unable to upregulate their γ-globin expression unless they were 

on a B cell lymphoma/leukemia 11a (BCL11a)-depleted background [19], limiting their 

utility as a screening tool. Another recent study attempted to use fetal liver cell lines derived 

from p53 null mice that carry florescent reporters directed by the human β-globin locus [20] 

to identify agents that increase γ-globin expression. Technical difficulties with 

autoflorescence hampered the use of the fluorescent reporter, and the p53 null background 

limits the use of these cells for studies of erythroid maturation and predisposes them to 

karyotypic abnormalities [37].

β-yac mice are well accepted as an in vivo model of globin switching [17,18]. Despite the 

limitation that they contain a human transgene on a murine background, studies utilizing β-

yac mice have lead to important insights into the regulation of globin switching [38–40]. β-

yac ESREs were developed to facilitate studies of erythroid maturation and globin switching 

that are impractical to perform in a mouse model. β-yac ESREs are nontransformed and 

double daily in culture, while maintaining the ability to mature and enucleate as a relatively 

synchronous cohort, generating ample cell numbers for high-quality genomic and functional 

studies. In addition, β-yac ESREs upregulate their γ-globin expression in response to a 

variety of inhibitors with different mechanisms of action, without being on a genetically 

altered background.

β-yac ESREs also have some disadvantages. They share the same limitation as the β-yac 

mice, with a human trans-gene on a murine background, although this does not appear to 

limit their utility for identifying modulators of γ-globin expression. In addition, as they 

expand as proerythroblasts, they cannot be utilized to study developmental globin switching 

or changes in gene expression that occur before this stage of maturation. Similar to the 

CD34+ culture system, ESREs are derived from primary cells and are therefore cytokine 

dependent, requiring SCF, IGF1, and erythropoietin, making them significantly more 

expensive to maintain than cell lines such as K562 or MEL. Lastly, similar to CD34+ cells 

or other culture-based models of erythroid maturation, there are inherent differences 

between these cells and uncultured primary cells. The data presented here confirm our 

expectation that, although these cells are an excellent representation of erythroid maturation, 

on a molecular level there are differences between ESREs and primary uncultured cells. 

Despite their limitations, the data presented support β-yac ESREs as a robust model of 

erythroid maturation and maturational globin regulation that can be used for multiple 

functional and genomics applications.
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Figure 1. 
β-yac ESREs model terminal erythroid maturation. (A) Similar to nontransgenic ESREs, β-

yac ESREs derived from both e9.5 yolk sac and e14.5 fetal liver demonstrate a period of 

restricted proliferation before the establishment of extensive self-renewal. (B) 
Photomicrographs of self-renewing and maturing β-ESREs. Self-renewing β-yac ESREs 

(left panel) resemble proerythroblasts. Middle panels are representative images of β-yac 

ESRE cultures during the first 2 days of maturation. After 3 days in maturation media (right 

panel), the culture is composed primarily of late-stage erythroid precursors and enucleated 

erythrocytes. (C) Benzidine staining of β-yac ESREs. After 3 days, the majority of the 

culture is benzidine positive. (D) Imaging flow cytometry demonstrates that maturation of β-

yac ESREs is associated with loss of Kit expression. (E) Imaging flow cytometry 

demonstrates that maturation of β-yac ESREs is associated with a progressive decrease in 

cell and nuclear size. Upper panels are representative histograms. Lower panels represent 

mean and SEM of three independent experiments. (F) Percent of enucleated cells, 

determined by comparing DRAQ intensity to cell area. After 2 days of maturation, 

approximately 10% of cells are enucleated. After 3 days of maturation, approximately 40% 

of cells are enucleated. Data are mean and SEM of three independent experiments. Images 

of nucleated (center panel) and enucleated (right panel) cells from imaging flow cytometer 
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are shown. Ter119 staining is yellow and DRAQ5 staining is red. BF = Bright Field; e = 

embryonic day.
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Figure 2. 
Quantitative PCR demonstrates that β-yac ESREs express adult globins, both from the 

endogenous murine beta globin locus and the transgenic human beta globin locus. Data on 

globin expression is presented from three independent transgenic cultures and from three 

independent cultures derived from nontransgenic littermate controls. (A) Murine globin 

expression in maturing β-yac ESREs. (B) Human globin expression in maturing β-yac 

ESREs. Only the adult globin, HBB, is expressed at significant levels. (C) At e12.5, the fetal 

liver contains maturing definitive erythroid cells, as well as circulating primitive 

erythrocytes [36]. In contrast to β-yac ESREs, quantitative PCR demonstrates that both 

embryonic and adult murine globins are detected in unsorted, uncultured e12.5 β-yac fetal 

liver. (D) The embryonic, fetal, and adult human globins are also detected in unsorted, 

uncultured e12.5 β-yac fetal liver. Hbb−y = hemoglobin Y, β-like embryonic chain; Hbb-bh1 
= hemoglobin Z, β-like embryonic chain; Hbb-b1 = hemoglobin, β adult major chain; HBG1 
= hemoglobin, Gamma A (γA); HBG2 = hemoglobin, Gamma G (γG).
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Figure 3. 
ESREs have gene expression changes consistent with terminal erythroid maturation. (A) 

Heat map of genes with significant changes in expression during maturation of ESREs, 

demonstrating that the majority of genes are downregulated with maturation. (B) Top 

network identified by Ingenuity Pathway Analysis of genes upregulated during ESRE 

maturation.
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Figure 4. 
Inhibitors to HDACs, DNMTs, and LSD1 alter globin expression in β-yac ESREs. Error 

bars represent standard error of a minimum of three independent experiments. (A) Inhibitors 

to chromatin modifiers induce γ-globin expression in β-yac ESREs. β-yac ESREs were 

placed in maturation media with either vehicle control (dimethyl sulfoxide), TCP, DB, a 

combination of TCP and DB (TCP/DB), sodium butyrate, or HU for 24 hours. Then, globin 

expression was assessed by quantitative PCR. Light grey bars represent HBG1 expression, 

dark grey bars represent HBG2 expression, and black bars represent HBE expression. A 

statistically significant increase in gamma globin expression was seen in all treatment 

conditions. (B) β-yac ESREs treated with TCP, DB, and sodium butyrate express less β-

globin from the transgenic human locus than vehicle-treated controls. (C) Data are presented 

as percent of total human globin. Error bars represent SEM of a minimum of three 

independent experiments. DB = Decitabine; DMSO = dimethyl sulf-oxide; HBB = β-globin; 
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HBE = hemoglobin E; HBG1 = hemoglobin, Gamma A (γA); HBG2 = hemoglobin, Gamma 

G (γG).
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Figure 5. 
Treatment of β-yac ESREs with an LSD1 inhibitor results in abnormal maturation and 

impaired enucleation. (A) Photomicrographs from vehicle-treated cultures (upper panel) and 

TCP-treated cultures (lower panel) on day 3 of maturation. The vehicle-treated culture 

consists of late-stage erythroid precursors and enucleated cells. The TCP-treated cultures are 

more heterogeneous, with both late-stage erythroid precursors and enucleated cells, as well 

as less mature erythroid precursors. (B) Benzidine staining of TCP-treated samples (red 

bars) and vehicle-treated control (black bars). Data represent mean and SEM of a minimum 

of three independent experiments. (C) Histogram of Kit expression determined by imaging 

flow cytometry on β-yac ESREs treated with TCP or vehicle control after 3 days of 

maturation. The Kit levels are higher in the TCP-treated samples than in the vehicle-treated 

control. (D) Comparison of cell and nuclear size in vehicle- and TCP-treated cells. Vehicle-

treated cells are in black, and TCP-treated cells are in red. Graphs represent mean of three 

independent experiments. After 3 days of maturation, the TCP-treated cells have both a 

larger cell and nuclear size. (E) TCP treatment impairs enucleation. Vehicle-treated cells are 

in black, and TCP-treated cells are in red. The percent of enucleated cells was determined by 

comparing DRAQ5 intensity to cell area. Graph represents mean and SEM of three 

independent experiments.
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