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Background: Erythropoietin is required for erythrocyte production and stimulates erythroid gene expression including EPO-R.
Results: TAL1 induction promotes accessibility of EPO-R promoter to the GATA-1�TAL1�LMO2�LDB1 transcription activa-
tion complex to increase EPO-R expression.
Conclusion: Forced TAL1 expression increases EPO-R and erythropoietin hypersensitivity in erythroid progenitors.
Significance: Providing insight into the molecular link between TAL1 and erythropoietin activity.

During erythropoiesis, erythropoietin stimulates induction of
erythroid transcription factors that activate expression of
erythroid genes including the erythropoietin receptor (EPO-R)
that results in increased sensitivity to erythropoietin. DNA
bindingof thebasic helix-loop-helix transcription factor,TAL1/
SCL, is required for normal erythropoiesis. A link between ele-
vated TAL1 and excessive erythrocytosis is suggested by
erythroid progenitor cells from a patient that exhibits unusually
high sensitivity to erythropoietin with concomitantly elevated
TAL1 and EPO-R expression. We found that TAL1 regulates
EPO-R expression mediated via three conserved E-box binding
motifs (CAGCTG) in the EPO-R 5� untranslated transcribed
region. TAL1 increases association of the GATA-1�TAL1�

LMO2�LDB1 transcription activation complex to the region that
includes the transcription start site and the 5�GATA and 3� E-box
motifs flanking the EPO-R transcription start site suggesting that
TAL1 promotes accessibility of this region. Nucleosome shifting
hasbeendemonstrated to facilitateTAL1butnotGATA-1binding
to regulate target gene expression. Accordingly, we observed that
with induced expression of EPO-R in hemotopoietic progenitor
cells, nucleosome phasing shifts to increase the linker region con-
taining the EPO-R transcription start site and TAL1 binds to the
flanking5�GATAand3�E-boxregionsof thepromoter.Thesedata
suggest thatTAL1binds to theEPO-Rpromoter to activateEPO-R
expression andprovides a potential link to elevatedEPO-R expres-
sion leading to hypersensitivity to erythropoietin and the resultant
excessive erythrocytosis.

Erythropoietin (EPO)4 stimulates the proliferation, survival,
and differentiation of erythroid progenitor cells. The bioavail-
ability of EPO and the extent of EPO receptor (EPO-R) expres-
sion largely determine the erythropoietic response. EPO bind-
ing to its receptor on the surface of erythroid progenitor cells
stimulates their proliferation and differentiation into mature
red blood cells. The absence of EPO or EPO-R in mice is lethal
in utero due to severe anemia (1). The EPO-R cytoplasmic
region lacks intrinsic tyrosine kinase activity and is associated
with the nonreceptor tyrosine kinase, JAK2. Binding of EPO to
the EPO-R homodimer induces a conformational change of the
two cytoplasmic tails bringing the associated JAK2 proteins
into closer proximity, resulting in phosphorylation and activa-
tion of JAK2 and other downstream signal transduction path-
ways including STAT5 (2).
Increased EPO availability, EPO sensitivity, or EPO-related

JAK2 signal transduction in erythroid progenitor cells stimu-
lates erythropoiesis. Excessive erythropoiesis has been identi-
fied in individuals with increased production of EPO due to
genetic mutations that disrupt the hypoxic regulation of EPO.
These include mutations in proline hydroxylase or Von Hippel-
Lindau (VHL) genes that mediate hypoxia-dependent stability
of the �-subunit of hypoxia inducible factor, and a gain of func-
tionmutation in the hypoxia inducible factor-2� subunit (3–5).
JAK2 mutations (JAK2V617F and other exon 12 mutations)
that increase JAK2 activity and provide cytokine-independent
growth of hematopoietic progenitor cell cultures have been
detected in �95% of polycythemia vera patients (6, 7). The
C-terminal EPO-R region acts as a negative growth-regulatory
domain affecting receptor processing and degradation (8).
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have been identified in patients with familial polycythemia
(9, 10).
EPO stimulation up-regulates erythroid-specific transcrip-

tion factor expression, such as TAL1/SCL,GATA-1, and EKLF,
to promote erythroid differentiation (11). These transcription
factors and their interacting coregulators including Friend of
GATA-1 (FOG-1), Med1 for GATA-1, and lysine specific dem-
ethylase 1 (LSD1) for TAL1 are able to provide epigeneticmod-
ification of erythroid-specific target genes by recruiting histone
acetyltransferases or histone deacetylases to, respectively, acti-
vate or repress gene expression (12, 13). For example, the basic
helix-loop-helix (bHLH) transcription factor TAL1 is impor-
tant for hematopoietic stem cell development, and TAL1 bind-
ing to E-box motifs (CANNTG) is required for erythroid mat-
uration (14, 15). During erythroid differentiation TAL1
decreases association with the corepressors, mSin3A and
ETO-2, with histone deacetylase, and transiently with LSD1;
concomitantly, TAL1 acetylation by p300 increases resulting in
increased DNA binding activity and selective activation of
erythroid-specific genes (16–20). TAL1 associates with
GATA-1, GATA-2, lim-only protein LMO2, and LDB1 in a
multimeric complex to regulate erythroid transcription
through GATA motifs as well as through E-box-GATA motifs
separated by about one DNA helical turn (9 to 11 nucleotides)
that are found in many erythroid regulatory elements (21–25).
EPO-R is expressed on early erythroid progenitor cells or

BFU-E (burst forming unit erythroid) at a low level and is up-
regulated with erythroid differentiation to CFU-Es (colony
forming unit erythroid) that require EPO for survival (1). EPO
induction of its own receptor ismediated in part by EPO induc-
tion of GATA-1, which can transactivate EPO-R (24, 26). The
importance of TAL1 in erythroid differentiation is underscored
by erythroid progenitor cell cultures from an individual with
chronic isolated, excessive erythropoiesis (see below). These
erythroid precursor cells exhibit EPO hypersensitivity and ele-
vated EPO-R expression but normalGATA-1 andGATA-2 lev-
els. We found abnormally high levels of TAL1 and increased
TAL1 binding to EPO-R proximal promoter following EPO
stimulation. We show that forced expression of EPO-R in
human primary erythroid progenitor cells promotes EPO
response via increased expression of GATA-1, TAL1, and
EPO-R. Similarly, overexpression of TAL1 increases EPO-R
expression and erythroid differentiation without affecting
GATA-1 expression, whereas TAL1 knockdown decreases
EPO-R expression and erythroid differentiation. TAL1 binds
directly to the conserved E-box region downstream of the
EPO-R transcription start site and regulates promoter activity.
TAL1 regulation of EPO-R and the elevated induction of TAL1
and EPO-R in differentiating erythroid progenitor cell cultures
fromPatient A link to the observed EPOhypersensitivity in this
case of chronic increase in erythropoiesis. In contrast, cultures
of Jak2V617F erythroid progenitor cells show normal EPO-R
and TAL1 levels.

EXPERIMENTAL PROCEDURES

Erythroid Cell Culture—Human primary erythroid progeni-
tor cells were isolated from blood obtained from healthy volun-
teers through the National Institutes of Health (NIH) Depart-

ment of TransfusionMedicine or from consenting patients and
cultured as described (27). Informed consent was provided
according to the Declaration of Helsinki. Briefly, buffy coats
isolated from whole blood were diluted 1:1 with phosphate-
buffered saline (PBS), pH 7.4, and gently layered on Ficoll-
Hypaque (Sigma). They were centrifuged first to separate red
blood cells, platelets, and plasma from the mononuclear cells,
and then further centrifuged to wash the cells with PBS. Cells
were then cultured 5–7 days in phase I medium containing
�-minimal essential medium, 10% fetal bovine serum (FBS),
10% conditioned medium (from 5637 human bladder carci-
noma cell line culture), 1.5 mM glutamine, 1 �g/ml of
cyclosporin A, and antibiotics at 37 ºC with 5% CO2. To gener-
ate primary adult human erythroid progenitor cell (hAEPC)
cultures, at the end of phase I, cells were then cultured in phase
II medium containing EPO (1 unit/ml), �-minimal essential
medium, 30% FBS, 1% bovine serum albumin, 10�6 M dexam-
ethasone, 10�5 M �-mercapthoethanol, 0.3 mg/ml of human
holotransferrin (Sigma), 10 ng/ml of stem cell factor, and anti-
biotics for up to 12 days. Viable cell counts were obtained using
trypan blue exclusion. Benzidine stainingwas used for counting
Hb containing cells. K562 cells were maintained in RPMI 1640
with 10% FBS. For other studies, CD34� and CD133� hemato-
poietic stem cells were isolated from apheresis products using
immunomagnetic beads specific for CD34� and CD133�

(Miltenyi CliniMacs system). For differentiation into CD36�

cells, the CD133� cells were suspended in maintenance media
prepared using �-minimal essential medium (for a final con-
centration of 10 mg/ml of BSA, 10 �g/ml of insulin, 200 �g/ml
of holotransferrin and supplemented with 900 ng/ml of ferrous
sulfate, 90 ng/ml of ferric nitrate, 10�6 M hydrocortisone, 100
ng/ml of stem cell factor, 5 ng/ml of IL-3, and 3 units/ml of
EPO). The cells were incubated at 37 °C in a 5% CO2, 95% air
atmosphere for 9–11 days, followed by FACS analysis for the
presence of CD36� cells.
Quantification of Gene Expression—Total cellular RNA was

extracted using RNeasy (Qiagen, Valencia, CA). Synthesis of
first-strand cDNA from 1�g of total RNAwas performed using
Moloney murine leukemia virus reverse transcriptase (RT) and
oligo(dT)16 (Applied Biosystems, Foster City, CA). Quantita-
tive real-time RT-PCR was performed as previously described
using a 7900HT Fast Real-time PCR (Applied Biosystems) and
gene-specific primers andTaqManprobes forEPO-R,GATA-1,
GATA-2, TAL1, EKLF, �-globin, �-globin, and �-actin (11).
Serial dilutions of plasmids containing the cDNA of interest
were used to create standard curves.
Colony Assay—Mononuclear cells (2 � 105) from peripheral

blood were cultured in 35-mm plastic tissue culture dishes in
methylcellulose medium (Stemcell number 04434) and incu-
bated at 37 ºC, in 5%CO2, with�95% humidity for 14–16 days.
CFU-E and BFU-E were identified by their red color via a
microscope with a �4 objective for CFU-E (�40 magnifica-
tion), and a �2 objective for BFU-E (�20 magnification).
Transfection of Expression Vectors—After 3 days of EPO

exposure, erythroid progenitor cells were transfected with an
expression plasmid containingmouseEpo-R (expression vector
PIRES2-EGFP-mEpoR), TAL1 (expression vector PIRES2-
EGFP-TAL1), TAL1 antisense cDNA, mouse Eklf (mEklf)
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cDNA, or no plasmid using theAmaxaNucleofector forCD34�

cells (Lonza, Walkersville, MD). Cells were analyzed on the
days indicated following EPO stimulation. For stable TAL1
overexpression in K562 erythroid cells, K562 were co-trans-
fected with a TAL1 expression vector PIRES2-EGFP-TAL1 and
RSVneo. Cells were seeded at low dilution in media containing
G418. K562/TAL1 colonies were isolated and propagated in
suspension culture and the expression level of TAL1, EPO-R,
and other erythroid genes determined.
Reporter Gene Analysis—A human EPO-R reporter gene

construct (EPOR) extending 5� 194 and 3� 120 bp from the
transcription start site was linked to the firefly luciferase
reporter gene (26). �EPOR with deletion of the conserved
E-box region was constructed similarly with the promoter frag-
ment extending only 26 bp 3�. �3EPR was constructed from
EPOR bymutation of each of the three E-boxmotifs. Luciferase
plasmids were co-transfected with a Renilla luciferase con-
struct (pRL-TK) into K562 cells with Lipofectamine 2000
(Invitrogen). Cells were harvested after 48 h and luciferase
activity was determined by the Dual Luciferase Assay System
(Promega, Madison,WI). A promoterless construct containing
only the 5� untranslated transcribed region of EPO-R linked to
luciferase was used as a negative control.
Chromatin Immunoprecipitation (ChIP)—Analysis was car-

ried out in K562 cells without and with TAL1 overexpression
(K562/TAL1) as previously described (28). In brief, isolated 1%
formaldehyde cross-linked cells were lysed (lysis buffer: 1%
SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) and sonicated on ice.
DNA was sheared to an average length of around 500 bp. The
sonicated cell supernatant was diluted 10-fold in ChIP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM

Tris�HCl, 167 mM NaCl, pH 8.1). Chromatin was precleared
using protein G-agarose (Millipore, Billerica, MA) and incu-
bated at 4 °C overnight with specific antibodies or nonspecific
IgG (control). Immunoprecipitates were recovered with pro-
tein G-agarose (4 °C for 2 h), followed by low-speed centrifuga-
tion. Washed pellets were reverse cross-linked. DNA was phe-
nol chloroform/isoamyl alcohol (25:24:1) extracted, ethanol
precipitated, and used for PCR analysis.
Western Blotting—Erythroid progenitor cells from normal

volunteers and Patient A were washed twice with cold PBS and
lysed in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM

EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate and pro-
tease inhibitors). Proteins were resolved on 4–12% NuPAGE
BisTris gels (Invitrogen), transferred onto nitrocellulose mem-
branes, incubated with EPO-R antibody (M-20), TAL1 anti-
body, or anti-�-actin antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) followed by horseradish-peroxidase (HRP)-
coupled secondary antibodies, and developed by enhanced
chemiluminescence (ECL) (GE Healthcare).
DNA Sequencing and Southern Blotting—DNA was isolated

directly from erythroid progenitor cell cultures from Patient A.
Primer pairs were designed to PCR amplify and sequence the
erythroid 1a promoter, �19 enhancer, and �51 enhancer
regions of the TAL1 gene. Sequencing results were analyzed
using the BLASTn tool. Genomic DNA isolated from immor-
talized B-cells from Patient A was digested by restriction
enzyme and analyzed for TAL1 rearrangements by Southern

blotting (supplemental Fig. 1A). DNA primers specific for the
interstitial deletion between the TAL1 and SIL genes were syn-
thesized and also used for genomic analysis (29). Restriction
enzyme digestion and direct DNA sequencing confirmed the
identity of the PCR product.
EPO-R RNA-seq and EPO-R Nucleosome Phasing Analysis—

EPO-R RNA-seq was performed as described (30). Briefly,
mRNAs isolated from CD34� and CD36� cells from a healthy
donor were converted to cDNA using standard protocols. The
cDNAs were fragmented to 100�200 bp using sonication, fol-
lowed by end repair and Solexa adaptor ligation. The products
were sequenced on an Illumina GAII system according to
established procedures. Nucleosome phasing was performed
using Solexa Sequencing technology as described (31).

RESULTS

Erythrocytosis Linked to Elevated EPO-R and TAL1 Expres-
sion in Erythroid Progenitor Cells—We identified a patient with
unusually high hemoglobin of 22 g/dl upon emergency hospi-
talization for a brain hemorrhage. Patient A, an adult male, had
normal white blood cell count, differential white blood cell
count and platelet count were normal. Mean corpuscular vol-
ume and red cell morphology were normal. No vascular abnor-
mality aside from the brain hemorrhage and no enlargement of
liver or spleen were found. The skin of the patient was a gray-
purple color at presentation but returned to normal when
hemoglobinwas decreased to the normal range. EPO level, pO2,
oxygen saturation, p50, and hemoglobin electrophoresis were
normal. Patient A was emergently treated with phlebotomy to
lower his hemoglobin to the normal range and he recovered
from all neurologic defects. The elevated erythrocytosis
appeared to be inherited as the patient’s father and daughter
had high hemoglobin. Sequencing of genomic DNA from
Patient A did not reveal any mutations in the erythropoietin
receptor or in other genes associated with isolated erythrocy-
tosis such as VHL, PDH-2, hypoxia inducible factor-2�,
Jak2V617F, exon 12 mutations of the JAK2 gene, and
hemochromatosis.
The hAEPC cultures derived from CD34� cells from Patient

A required EPO for colony formation but exhibited unusually
large erythroid colonies. Erythroid progenitor cells exhibited
hypersensitivity to EPOwith increased induction of EPO-R and
�-globin expression compared with the control hAEPC culture
(Fig. 1, A and B). In contrast, hAEPC cultures from patients
with the Jak2V617F mutation exhibit increased numbers of
early erythroid progenitor cells even in the absence of EPO (32).
Furthermore, EPO stimulated induction ofEPO-R and�-globin
expression in Jak2V617F cultures did not exhibit the increased
level observed in erythroid progenitor cell cultures fromPatient
A (Fig. 1B). The increased level of EPO-R expression provides a
possible explanation for the hypersensitivity to EPO during
erythroid differentiation of hematopoietic progenitor cells
fromPatientA.The colony assays of the patient progenitor cells
showed an increase in CFU-E but not BFU-E (Fig. 1C), consist-
ent with the increased proliferative response with EPO
stimulation.
EPO-R promoter is transactivated by GATA-1, which

requires the GATA-1 binding motif for high-level EPO-R
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expression. However, quantification of GATA-1 expression in
EPO-stimulated hAEPC cultures from Patient A revealed that
EPO induction of GATA-1, as well as down-regulation of
GATA-2, was similar for cultures fromPatientA and for normal
control (Fig. 2A). Erythroid progenitor cells from Patient A did
show increased induction of EKLF in response to EPO stimula-
tion, consistent with the increased induction of �-globin
expression compared with control or Jak2V617F cultures (Fig.
2B). However, overexpression of mEklf in control hAEPC did
not increase the EPO-R mRNA level, but did increase
erythroid differentiation, determined by benzidine staining,
and decreased progenitor cell number (supplemental Fig. 1B).

Although GATA-1 expression appeared normal, we
observed increased induction in TAL1 mRNA with EPO stim-
ulation in hAEPC cultures from Patient A (Fig. 2C). In control

FIGURE 1. Gene expression in human primary erythroid progenitor cells.
A, cell proliferation (top) and % benzidine positive cells (bottom) following 12 days
of treatment with EPO in primary erythroid progenitor cell cultures from Patient A
with excessive erythrocytosis (solid line) compared with normal control (dashed
line) treated with 0.01 to 10 units/ml of EPO as indicated. Data represent mean �
S.D. B, expression of EPO-R and �-globin are shown for corresponding cultures
treated with 1 unit/ml of EPO and corresponding cultures from Patient B (solid
line) and Patient C (dashed line) with the JAK2V617F mutation associated with
polycythemia vera (right) and treated with 1 unit/ml of EPO. C, colony assay of
BFU-E and CFU-E in peripheral blood of patient and control in culture. Data rep-
resent mean � S.D. (n � 3), and * indicates p � 0.05.

FIGURE 2. Transcription factor expression in human primary erythroid
progenitor cells. A–C, expression of GATA-1 (A), GATA-2 (A), EKLF (B), and TAL1
(C) are shown following 12 days of treatment with EPO (1 unit/ml) in primary
erythroid progenitor cell cultures from normal control (left), Patient A (center)
and two patients with JAK2V617F associated polycythemia vera, Patient B
(solid line) and Patient C (dashed line) (right). D, Western blotting is shown for
TAL1, EPO-R and �-actin for cultures from normal control and Patient A from
days 10 and 12 of EPO stimulation. Data represent mean � S.D. *, p 	 0.05.
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hAEPC cultures and cultures of Jak2V617F hAEPC, EPO
induction of TAL1 expression peaked between days 8 and 10 of
EPO stimulation and was then down-regulated. In hAEPC cul-
tures from Patient A, TAL1 expression continued to increase
even beyond day 10 reaching expression levels 2-fold or greater
than the peak level determined for control and Jak2V617F cul-
tures. Furthermore, the TAL1 protein level at day 12 was con-
firmed to be increased bymore than 3-fold comparedwith con-
trol cultures (Fig. 2D). Consistently, the EPO-R protein level
was observed to be elevated at day 12 compared with day 10 in
Patient A and compared with day 12 in control (Fig. 2D, bottom
panel). In contrast to the normal level of GATA-1 expression,
the increased EPO induction of TAL1 and EPO-R provides a
potential link to the EPO hypersensitivity of erythroid progen-
itor cells from Patient A.
Genetic analysis was carried out to determine the presence of

mutations in the major regulatory regions contributing to
TAL1 gene expression or evidence of gene rearrangements that
might account for elevated TAL1 expression in progenitor cells
fromPatient A. Southern blotting and PCR analysis of DNAdid
not reveal the major chromosomal rearrangements associated
with T-acute lymphoblastic leukemia (33). The chromosomal
mutations leading to a high level of TAL1 expression in lym-
phocytes such as the t(1;14)(p32;q11) translocation, the inter-
stitial deletion that fuses the 5�UTRofTAL1with the 5�UTRof
the upstream SIL gene were not detected in the DNA from
Patient A (supplemental Fig. 1A). No mutations were detected
by sequencing 500 bp upstream and downstream in the TAL1
erythroid promoter 1a (34), the �19 enhancer necessary to
drive activity of the TAL1 stem cell enhancer (35), and the �51
enhancer that drives expression in the primitive and definitive
erythroid lineages (36) (data not shown). TAL1 coding region
and EPO-R coding region sequencing also did not reveal any
mutations (data not shown). Nevertheless, the increased induc-
tion ofTAL1 by EPO treatment and resultant increase inEPO-R
expression suggest aberrant regulation resulting in increased
TAL1 expression as a potential explanation of excessive
erythrocytosis.
Increased EPO-R Expression Promotes Erythroid Prolifera-

tion and Differentiation—To confirm that the increase of
EPO-R expression contributes to increased EPO sensitivity in
culture, we used a mouse Epo-R expression vector to further
induce EPO-R expression in EPO-stimulated hAEPC cultures.
Evidence for the regulation of EPO-R by TAL1 during EPO
stimulation in vivo was suggested by Patient A with chronic,
isolated erythrocytosis and is further confirmed by in vitro data.
To validate some possible links and explanation for the extra
erythropoiesis in the Patient A, we used hAEPC cultures
derived from peripheral blood of normal individuals to deter-
mine whether increased EPO-R expression contributes to
erythropoiesis and can be regulated by TAL1. EPO stimulation
of hAEPC induces expression of transcription factors,GATA-1,
TAL1, and EKLF that in turn stimulate expression of EPO-R,
globin, and other erythroid genes (11, 15, 24, 37). Forced
expression of EPO-R on day 3 of EPO stimulation increased
hAEPC proliferation and erythroid differentiation as indicated
by benzidine staining (Fig. 3A). Analysis of gene expression
showed increased TAL1, EKLF that specifically activates �-glo-

bin, and, after day 5 of EPO stimulation, inGATA-1, and accel-
erated down-regulation ofGATA-2 (Fig. 3B).We also observed
increased expression of endogenous EPO-R at day 5 of EPO
stimulation, suggesting activation of EPO-R transcription prior
to the increase in GATA-1. These data illustrate that forced
EPO-R expression in primary hAEPCcultures increases expres-
sion of erythroid transcription factors, and increases cell prolif-
eration and activation of the erythroid program, which provide
a possible link between increased EPO-R and extra erythropoi-

FIGURE 3. Overexpression of mEpo-R in human primary erythroid pro-
genitor cells. A, cell proliferation (left) and % benzidine positive cells (right)
following 12 days of treatment with EPO in primary adult erythroid progeni-
tor cell (hAEPC) cultures with (mEpoR-transfected) and without (Mock-trans-
fected) forced mEPO-R expression are shown. B, expression of endogenous
TAL1, EPO-R, �-globin, EKLF, GATA-1, and GATA-2 were monitored during 12
days of EPO stimulation with (triangle, solid line) and without (square, dashed
line) overexpression of mEPO-R in hAEPC. C, expression of �-globin and the
�-globin/(�-globin � �-globin) ratio (�/(� � �)) were monitored during EPO
stimulation with (triangle, solid line) and without (square, dashed line) overex-
pression of mEpo-R in hAEPC. D, EPO-R overexpression was assessed and nor-
malized to �-actin using Western blotting. Results are normalized to �-actin
expression. Data represent mean � S.D. *, p 	 0.05.
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esis in Patient A. Increased EPO signaling via increased EPO-R
expression also increased �-globin expression, but the early
increase in the �-globin/(�-globin � �-globin) ratio (�/(� � �))
did not persist to the end of the erythroid differentiation period
(Fig. 3C). Increased EPO-R expression was confirmed byWest-
ern blotting (Fig. 3D) and quantitative RT-PCR showed an
increased expression of “endogenous” human EPO-R mRNA
and an increased exogenous mouse Epo-R expression (supple-
mental Fig. 1C).
Conserved GATA and TAL1 Binding Motifs in the EPO-R

Proximal Promoter—The hAEPC cultures from Patient A
exhibited normalGATA-1 levels but elevatedEPO-R andTAL1.
These data suggest that induction of EPO-R is not only due to
transactivation by GATA-1. Unlike many erythroid genes, the
EPO-R proximal promoter has high GC content and lacks
TATA and CAAT sequences in the 5� flanking region (38), fea-
tures in common with housekeeping genes. The highly con-
servedGATAand Sp1 bindingmotifs in the proximal promoter
are critical for EPO-R expression and GATA-1 activation of
EPO-R expression (24, 26, 39). However, the conservation
region between mouse and human extends downstream of the
GATA and Sp1 binding sites, through the transcription start
site and extends 55 to 70 bp 3�, respectively, to include three
E-box sequences (CAGCTG) in the 5� untranslated transcribed
region (UTR) (supplemental Fig. 2A). These E-boxes are con-
sensus sequences for potential binding sites for basic helix-
loop-helix proteins such as TAL1.
TAL1 Increases EPO-R Gene Expression—The relatively high

level of TAL1 and EPO-R in hAEPC culture from Patient A
raises the possibility of a link betweenTAL1 andEPO-R expres-
sion. We recently reported that overexpression of TAL1 in
myoblasts increased EPO-R expression (40). To determine the
ability of TAL1 to increase expression of endogenous EPO-R in
erythroid cells, we overexpressed TAL1 in K562 cells, con-
firmed byWestern blotting (Fig. 4A), and isolated stable clones.
Quantification of mRNA expression revealed a TAL1 dose-de-
pendent increase in EPO-R expression (Fig. 4B). To demon-
strate that the 3 E-box motif region could act as a potential
TAL1 binding site and contribute to regulation of EPO-R
expression, a reporter gene was constructed using the EPO-R
proximal promoter containing the 3 E-box motifs and extend-
ing 198 bp 5� of the transcription start site. Deletion of the
E-box region leaving the Sp1 and GATA-1 binding motifs
intact resulted in down-regulated transcription activity by
4-fold (Fig. 4C). Mutating the E-box motifs decreased EPO-R
promoter activity by more than 10-fold (Fig. 4D). Conversely,
elevated TAL1 expression increased the transcription activity
of the intact EPO-R proximal promoter, but not the E-box
motif-mutated promoter (Fig. 4E). These data suggest that the
E-box region contributes to high activation ofEPO-R transcrip-
tion and that TAL1 acts via the E-box motifs to transactivate
EPO-R expression.
TAL1 Binds to the EPO-R Conserved E-box Region—Of note,

unlike a number of erythroid genes that contain aTAL1binding
site about one helical turn away from a GATA binding motif,
the EPO-R gene contains GATA and TAL1 binding E-box
motifs that flank the transcription start site and are separated
by 75 bp. In vivo ChIP analysis demonstrated that the EPO-R

promoterGATA site and E-boxmotifs showed increasedTAL1
binding by more than 3-fold in Patient A hAEPC cultures with
EPO treatment for 12 days compared with the control hAEPC
cultures and IgG negative control (Fig. 4F). Endogenous TAL1
binding to the EPO-R E-box region in K562 cells was also dem-
onstrated by ChIP analysis. Nuclei were isolated from cross-
linked K562 cells and DNA-protein complexes were isolated
using anti-TAL1 antibody. Analysis of the precipitated DNA
revealed direct binding of TAL1 to the EPO-R E-box region.
K562 cells with forced expression of TAL1 showed an increase
of TAL1 binding to the E-box region of EPO-R and the pro-
moter region for the TAL1 target gene, glycophorin A (Fig. 4G).
Amplification of the EPO-R region containing the GATA site
75 bp 5� from the E-boxes also indicated TAL1 binding that
increased with TAL1 overexpression that was not evident at a
GATA site 2 kb upstream. These data suggest increased TAL1
expression and binding to the EPO-R promoter increases
EPO-R expression, which provides the possibility for increased
EPO response that, in turn, increases cell proliferation.
Conversely, ChIP analysis using anti-GATA-1 confirmed

GATA-1 binding to the GATA site in the proximal promoter
that also increased with overexpression of TAL1 without an
increase inGATA-1 expression (Fig. 4H), suggesting that TAL1
can recruit GATA-1 and increase GATA-1 binding to the
EPO-R promoter region to stimulate gene expression. Some
GATA-1 association with the E-box region was also observed
but this did not increase with overexpression of TAL1. These
data suggest that TAL1 binds to the GATA binding motif and
the E-box region flanking the EPO-R transcription start site,
and that TAL1 can further increase GATA-1 binding to the
GATA motif in the EPO-R proximal promoter region.

ChIP analysis using antibodies specific to LMO2 and LDB1
showed association of both proteins in the region of the GATA
motif and E-box containing EPO-R proximal promoter region
particularly at the GATA binding site with overexpression of
TAL1 (Fig. 4, I and J), suggesting that increased TAL1 recruits
more LMO2 and LDB1 to form an active complex at the EPO-R
promoter, resulting in a more open chromatin structure and
promoting EPO-R expression. The association of GATA-1,
LMO2, and LDB1 site in the proximal promoter appeared to be
stronger relative to the GATA-binding site compared with
their association to the E-box region downstream of the tran-
scription start site (Fig. 4, H–J). Binding of TAL1 in the EPO-R
promoter at the GATA site also appeared to be greater than
binding at the E-boxmotifs. To demonstrate that binding at the
E-box region is specific and not related to pull down of large
DNA fragments with proteins bound to the GATA site, we first
knocked down TAL1 in K562 cells and evaluated LMO2 and
LDB1 binding. ChIP analysis showed a decreased binding of
TAL1, LMO2, and LDB1 at the EPO-R promoter region that
included the GATA site and E-box region (Fig. 4, K and L),
indicating that TAL1 is essential for LMO2 and Ldb1 binding at
the EPO-R promoter. Next, we used HhaI restriction enzyme
digestion to cut the region between the GATA site and E-box
motifs prior to immunoprecipitation of chromatin-bound
DNA by anti-TAL1 antibody. Amplification of the EPO-R
region spanning the GATA site and E-box motifs showed a
reduction by more than 50% after HhaI digestion in contrast to
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amplification of the E-box region alone that showedno significant
reduction, providing evidence that binding of TAL1 to the E-box
region is specific and not simply due to pull down of large DNA
fragments extending from GATA site binding (Fig. 4M). This
observation is consistent with the view that TAL1 binding to the
EPO-Rpromoter is necessary prior to or simultaneouswith that of
GATA1 (41), and suggests that increased TAL1 induction in
erythroid progenitor cell cultures of Patient A can induce

increased EPO-R expression without affecting expression of
GATA-1.
TAL1 Increases EPO-R and Erythroid Differentiation in

Erythroid Progenitor Cells—To mimic the behavior of the
patient-derived hAEPC culture and to show that elevatedTAL1
expression can contribute to increased EPO-R expression as a
possible explanation for the link between high sensitivity of
EPO stimulation and excess erythropoiesis, we overexpressed
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TAL1 in a hAEPC culture derived from normal individuals. On
day 3, EPO-stimulated expression vectors with TAL1 in the
sense or antisense orientation were transfected and gene
expression was analyzed (Fig. 5A). Overexpression of TAL1
increased EPO-R expression up to 2-fold and increased the
EPO-R protein level confirmed by Western blotting (Fig. 5, B
andC). Transfection of expression vectors formEpo-R andGFP
were used as positive and negative controls, respectively. The
hAEPCculture fromPatientA also showed increased induction
of EKLF in response to EPO stimulation (Fig. 2B). However, we
observed that overexpression of mEklf in the control hAEPC
culture did not increase EPO-R mRNA (supplemental Fig. 1B)
and protein levels (Fig. 5B), but did increase erythroid differen-
tiation, determined by benzidine staining, and decreased pro-
genitor cell number (supplemental Fig. 1B). In contrast, down-
regulation of TAL1 by the antisense construct decreased EKLF
and GATA-1 expression (Fig. 5A), suggesting that TAL1 func-
tions upstream of EKLF and GATA-1 and may be responsible
for increased expression of EPO-R in Patient A. TAL1 overex-
pression also increased expression of �-globin and �-globin,
but without an increase in the �-globin/(�-globin � �-globin)
ratio (�/(� � �)) (Fig. 5D). Onlymodest changes were observed
for expression ofGATA-1,GATA-2, and EKLF (Fig. 5A). At the
end of the 12-day culture period with EPO stimulation, cell
count and benzidine-positive cells were increased by 15–20%
compared with control hAEPC cultures (Fig. 5E). In contrast,
forced expression ofTAL1 transcripts in the antisense direction
significantly decreased TAL1 expression as well as expression
ofGATA-1, EKLF, EPO-R, and�- and �-globin (Fig. 5,A andB),
indicating repression of erythroid differentiation by expression
of TAL1 antisense. Importantly, overexpression of EPO-R res-
cued, in part, the decreased �-globin gene expression by TAL1
knockdown (supplemental Fig. 2B), suggesting that the TAL1/
EPO-R axis is important for erythrocytosis. The effect of TAL1
antisense on down-regulation ofGATA-2 expression wasmod-
est although induction of GATA-1 was decreased severalfold.
At the end of the EPO culture period, antisense TAL1 reduced
cell count to 60% and benzidine positive cells to less than 40%
compared with control cultures (Fig. 5E). These data suggest
that TAL1 positively regulate EPO-R expression in erythroid
progenitor cells and erythroid differentiation, which partially
support that increased expression of TAL1 with EPO stimula-

tion induces EPO-R to provide the possibility for high sensitiv-
ity of EPO leading to extra erythropoiesis.
TAL1 Binds to the EPO-R Promoter during EPO-R Nucleo-

some Positioning—Considering possible mechanisms by which
increased TAL1 expression up-regulates EPO-R expression, we
note that forced expression of TAL1 promotes hematopoiesis
but, unlike erythroid differentiation, TAL1 activity in hemato-
poietic stem cell development does not require TAL1 binding
to DNA (15, 34, 42). In contrast, during erythropoiesis, TAL1
binding directly to DNA, including TAL1 binding to E-box
DNAmotifs in proximity to GATA-1 binding sites, are impor-
tant for activation of erythroid-specific genes such as glyco-
phorin A, �-globin, and erythroid transcription factors, such as
GATA-1 and EKLF (21, 22, 43). As observed with housekeeping
genes, the EPO-R promoter is TATA-less. Nucleosome shifting
can facilitate TAL1 binding that is linked to regulation of target
gene transcription (44). Furthermore, the nucleosome linker
position has been shown to be related to active gene expression
(31).
Therefore, we performed nucleosome positioning analysis in

primary human CD34� hematopoietic stem cells and CD36�

differentiated erythrocyte precursor cells. CD34� and CD36�

cells show low and high EPO-R expression, respectively (Fig.
6A). TheGATA-bindingmotif and E-boxes flank the transcrip-
tion start site in the EPO-R gene and in CD34� cells with a low
level of EPO-R transcription, we found that nucleosomes also
flanked the EPO-R transcription start site and were about 220
bp apart. In contrast, when EPO-R was highly expressed in
CD36� cells, the nucleosomes that flank the EPO-R transcrip-
tion start site were shifted further apart and the linker region
was expanded by about 50 bp (Fig. 6B). The reposition of
nucleosomes in theEPO-R promoter region results in increased
exposure of the E-box motifs and the GATA site in the linker
region between the two nucleosomes. This raises the possibility
for increasing interaction with transcription factors such as
TAL1 with the EPO-R promoter and increasing EPO-R gene
expression (Fig. 6B). Importantly, shifting the nucleosomeposi-
tioning can specifically facilitate binding of TAL1 and is linked
to subsequent transcriptional regulation of target genes (44),
providing further support for the suggestion that the expanded
linker region of EPO-R in CD36� cells facilitates TAL1 binding
to the EPO-R promoter and increases EPO-R transcription.

FIGURE 4. Reporter gene assays and transcription factor binding for the EPO-R proximal promoter. A, overexpression of the TAL1 protein level in K562 was
assessed by Western blotting using �-actin as loading control; B, endogenous EPO-R expression (EPOR) in K562 cells with stable overexpression of TAL1 is shown
(each point represents a stable clone overexpressing TAL1)(r2 � 0.786). Expression is normalized to �-actin. Data represent mean � S.D. D and E, activity for the
firefly luciferase reporter gene construct containing the EPO-R proximal promoter without (EPOR) and with (�EPOR) truncation of the conserved E-box region
(C) and for the EPO-R promoter without and with (�3EPR) mutation of the three conserved E-boxes (D) compared with a promoter-less construct (Control) was
determined by transfection of reporter genes into K562 cells. Results were normalized to SV40 promoter activity. E, reporter gene activities were determined
for �3EPR cotransfected with a TAL1 expression vector into K562 cells. Reporter gene activity was normalized to control activity. A Renilla luciferase construct
was used for transfection control. Data represent mean � S.D. (n � 3). F, cross-linked chromatin from EPO-treated (12 days) primary erythroid progenitor cells
from Patient A and normal control was precipitated with TAL1 antibodies. The precipitated DNA fragments were amplified by using primers specific for GATA
site 2 kb upstream, GATA site, linker region including the GATA site and E-box motifs, and E-box motifs. G–J, chromatin immunoprecipitation (ChIP) assay of
K562 cells without and with (K562/TAL1) TAL1 overexpression was determined using antibodies for TAL1 (G), GATA-1 (H), LMO2 (I), and LDB1 (J) are shown (open
bar), IgG was used as control (closed bar). The precipitated DNA fragments were amplified using primers specific for GATA site 2 kb upstream, the GATA site, the
E-box motifs, and the glycophorin A promoter for TAL1 as a positive control. K and L, ChIP assay of K562 cells without and with (TALKD-K562) TAL1 knockdown
determined using antibodies for TAL1, GATA-1, LMO2, and LDB1 are shown for the GATA site (K) and the E-box region (L) of the EPO-R promoter, IgG was used
as negative control. M, cross-linked chromatin from K562 cells with or without overexpression was digested by the HhaI restriction enzyme and precipitated
with TAL1 antibodies. The precipitated DNA fragments were amplified using primers specific for the EPO-R promoter including the HhaI site (primer pair L1–L2;
dashed line) and E-box site only (primer pair E1–E2; solid line). Results are shown relative to input DNA. Data represent mean � S.D. (n � 3), *, p 	 0.05 and
**, p 	 0.01.
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Although the cause of the elevated EPO induction of TAL1 in
erythroid progenitor cells remains uncertain in Patient A, these
data are consistent with regulation of EPO-R by TAL1 resulting
in increased EPO-R expression and provide a possible link to
hypersensitivity of EPO with erythroid differentiation.

DISCUSSION

TAL1 is required for hematopoietic stem cell formation in
the yolk sac during early embryonic development and is essen-
tial for normal erythropoiesis in adult (45). In differentiating ES
cells in vitro, forced expression of TAL1 promotes hematopoi-
esis (42). TAL1 activity in hematopoietic stem cell development
is proposed to bemediated via TAL1 participation in a complex
with other binding partners, GATA-1/2, LMO2, LDB1, E2A,
and possibly Sp1, but does not require direct TAL1 binding to
DNA (15, 47). The importance of this complex is suggested by
the Lmo2 knock-out mouse that exhibits a phenotype resem-
bling the Tal1 knock-out (43).
The sequence conservation in the EPO-R proximal promoter

includes the GATA-1 and Sp1 sites required for high level
EPO-R gene activation and extends 3� beyond the transcription
start site to include a 37-bp region with 3 E-box motifs that are
separated from the GATA-1 site by 60 and 75 bp, respectively,
in the mouse and human genomes. We determined that
increasing TAL1 increases its binding to the EPO-R E-boxes
and increases binding of the GATA-1�TAL1 complex to the
EPO-R promoter region. These TAL1 associated activities also
contribute to the high level of EPO-R expression in erythroid
cells. A 300-bp fragment containing theGATA-1 and Sp1 bind-
ing motifs and the E-box region was sufficient to drive lucifer-FIGURE 5. Forced expression of TAL1 in human primary erythroid progen-

itor cells. A, expression of endogenous TAL1, EPO-R, �-globin, EKLF, GATA-1,
and GATA-2 were monitored during 12 days of EPO stimulation with TAL1
sense (triangle, solid line), antisense (inverted triangle, dashed line), and mock
(square, dotted line) forced expression in hAEPC. Results are normalized to
�-actin expression. TAL1 antisense and mock transfection efficiency was
shown in the inset panel for clarity. B, increase in EPO-R protein expression by
overexpression of GFP, TAL1, EPO-R, and EKLF and TAL1 knockdown (TAL1 as)
are shown in hAEPC using Western blotting with �-actin as loading control.
C, increase in TAL1 protein expression by GFP and TAL1 overexpression and
TAL1 knockdown (TAL1 as) are shown in hAEPC using Western blotting with

�-actin as loading control. D, expression of �-globin and the ratio of �/(� � �)
globin during 12 days of EPO stimulation with TAL1 sense (triangle, solid line),
antisense (inverted triangle, dashed line), and mock (square, dotted line) forced
expression were shown in hAEPC. E, cell proliferation (left) and % benzidine
positive cells (right) following 12 days of treatment with EPO in primary
erythroid progenitor cell cultures with TAL1 sense, antisense, and mock
forced expression are shown in hAEPC. Data represent mean � S.D. *, p 	
0.05.

FIGURE 6. Comparison of TAL1 chromatin occupancy at EPO-R promoter
by nucleosome position of EPO-R promoter. A, comparison of EPO-R
expression in CD34� cells and CD36� cells. B, comparison of nucleosome
position of EPO-R promoter in CD34� and CD36� cells.
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ase reporter gene activity, whereas mutation of the E-box
region decreased reporter gene expression by more than
10-fold. TAL1 binds directly to the EPO-R E-box region and
forced TAL1 expression increases EPO-R expression and pro-
vides the possibility to increase EPO-stimulated erythroid dif-
ferentiation in primary erythroid progenitor cells. These data
identify EPO-R as a direct target gene of TAL1 requiring direct
binding. The decrease in EPO-R expression and resultant
decrease in EPO stimulated differentiation observed here as a
consequence of Tal1 knockdown in cultures of CD34�

erythroid progenitor cells is consistent with the resultant
decrease in mouse erythroid differentiation in vivo with loss of
TAL1, indicating a link between regulation of EPO-R expres-
sion by TAL1 and erythropoiesis.
A genome-wide analysis of transcription factor occupancy

and mRNA expression indicated that TAL1 occupancy is asso-
ciated with selected GATA-1-activated genes but is not usually
associated with selected GATA-1 repressed genes (21, 22, 46).
In addition, 83% of GATA-1 induced genes were reported to
exhibit co-occupancy by TAL1 at all GATA-1 occupancy sites,
although this did not indicate the amount ofTAL1binding (46).
ChIP-Seq analysis of TAL1 binding in hematopoietic cells also
revealed overrepresentation of GATA motifs in 212 of 228
TAL1-bound regions (23). TAL1 binding directly to DNA con-
tributes importantly to erythropoiesis. In particular, TAL1
binding to the E-box DNA sequence motifs in proximity to
GATA-1 binding sites separated by 9 to 12 nucleotides associ-
ates with the GATA-1/TAL1multiprotein complex and activa-
tion of erythroid specific genes such as glycophorin A, �-globin,
and transcription factors, TAL1, GATA-1, and EKLF. Binding
and activation by TAL1 via two E-box-GATA elements in the
proximal promoter (beginning at�318 and�25) of the protein
4.2 gene provided evidence for LDB1 as a member of the
GATA-1�TAL1 complex (47). The E-box�GATA binding com-
plex of GATA-1�TAL1�LMO2�LDB1 also contributes to long-
range gene activation in the �-globin gene locus between the
strong upstream erythroid enhancer, the locus control region,
and the distal downstream �-globin gene (48). TAL1 interac-
tion with these E-box�GATA motifs are examples of the rela-
tively close interactions involved in the GATA-1�TAL1 multi-
protein complex aswell as its ability to participate in long-range
interaction that bridges these complexes via LDB1 such as that
described for the interaction of the locus control region and the
downstream �-globin promoter.

The EPO-R gene shares a common feature with constitutive
genes that have a TATA-less promoter. The region containing
the GATA binding motif in the EPO-R proximal promoter and
the conserved E-boxes 75 bp downstream appears to be located
in a linker region between two nucleosomes (31). Nucleosome
shifting specifically facilitates binding of TAL1 but not GATA1
and is linked to subsequent transcriptional regulation of target
genes (44). Our data show the interaction of TAL1 with the
GATA binding motif and the conserved E-box region flanking
the EPO-R transcription start site and the shift in nucleosome
positioning in the EPO-R promoter region in erythroid progen-
itor cells stimulated with EPO. Together, these data suggest
that nucleosome phasing shifts to an opened state after EPO-R
activation. Furthermore, increasedTAL1 expression by overex-

pression in cultured cells or by endogenous mechanisms in
erythroid progenitor cells from Patient A increases TAL1
binding to the EPO-R promoter region and, therefore,
increases TAL1-associated EPO-R expression activation and
EPO response.
Increased EPO signaling via geneticmutations that delete the

EPO-R carboxyl-terminal negative regulatory domain have
been identified in patients with increased erythropoiesis. Other
genetic mutations resulting in increased signal transduction
during EPO-stimulated erythropoiesis include the Jak2V617F
mutation associated with polycythemia vera patients who
exhibit an increase in BFU-E and erythroid progenitor cell pro-
liferation even in the absence of EPO.TAL1 induction ofEPO-R
provides an alternatemechanism for increased EPO sensitivity.
We show here that the direct increase of EPO-R expression in
primary hAEPC cultures also promotes EPO-dependent eryth-
ropoiesis. Induction of EPO-R by TAL1 is relevant to the
increased EPO sensitivity we observe in primary hAEPC cul-
tures from Patient A with increased erythrocytosis. The
increase in erythroid progenitor cell proliferation is only
observed in the presence of EPO and no mutations in the
EPO-R or JAK2 genes could be identified. EPO induces an
unusually elevated and prolonged level of EPO-R in hAEPC
culture from Patient A concomitant with high induction of
TAL1, but not of GATA-1, suggesting that the induced level of
EPO-R expression following EPO stimulation is a result of the
increased expression of TAL1. This is in contrast to the forced
expression of EPO-R in control hAEPC culture that results in
increased induction of bothTAL1 andGATA-1. High induction
of either TAL1 or GATA-1 is not observed in hAEPC cultures
derived from polycythemia patients with the Jak2V617F muta-
tion. The increased EPO induction of EKLF as well as TAL1 in
hAEPC culture from Patient A explains the increased expres-
sion of �-globin. However, overexpression of EKLF in the con-
trol hAEPC culture did not increase EPO-R expression. Given
that the E-boxmotif in the EKLF promoter is required for EKLF
expression (49) and the failure of induction of EKLF in TAL1-
null mouse embryonic stem cells (50), the induction of EKLF
may be in part a consequence of the increasing expression of
TAL1 or relate to a shared mechanism of transcription activa-
tion with TAL1.
Overexpression of EPO-R resulting from gene rearrange-

ments could be important in the leukemogenic process. A novel
translocation involving EPO-R and the immunoglobulin heavy
chain locus, t(14;19)(q32;p13) resulted in a greater than 230-
fold increase in EPO-R identified in two patients with B-cell
precursor acute lymphoblastic leukemia (51). High EPO-R
expression has also been associated with the TEL-AML1 sub-
type of B-cell precursor acute lymphoblastic leukemia that
gives rise to a ETV6/RUNX1 fusion gene product (52). In con-
trast to these examples of high EPO-R expression associated
with acute lymphoblastic leukemia, the increased EPO-R
expression in progenitor cell cultures from Patient A was
detected only after EPO stimulation, consistent with hemato-
poietic changes only in the erythroid lineage with normal white
blood cell count, differential white blood cell count, and platelet
count. In addition, rearrangements associated with TAL1
translocations and leukemia are absent in Patient A. No muta-
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tions have been revealed upon sequencing known regulatory
elements in theTAL1 gene such as the promoter region and the
�19 enhancer; the regulatory event giving rise to high EPO
induction of TAL1 remains to be identified. Nevertheless, the
elevated EPO-R concomitant with the increased expression of
TAL1 but not other erythroid-specific factors during erythro-
poiesis provides a naturally occurring example of elevated
TAL1 and EPO-R and suggests a potential link between mech-
anisms driving TAL1 expression and increased EPO sensitivity
in erythroid progenitor cells resulting in erythrocytosis.
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