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Krüppel-like factors (KLFs) control cell differentiation and
embryonic development. KLF1 (erythroid Krüppel-like factor)
plays essential roles in embryonic and adult erythropoiesis.
KLF2 is a positive regulator of themouse and human embryonic
�-globin genes. KLF1 and KLF2 have highly homologous zinc
finger DNA-binding domains. They have overlapping roles in
embryonic erythropoiesis, as demonstrated using single and
double KO mouse models. Ablation of the KLF1 or KLF2 gene
causes embryonic lethality, but double KO embryos are more
anemic anddie sooner than either singleKO. In thiswork, a dual
human �-globin locus transgenic and KLF knockout mouse
model was used. The results demonstrate that the human �-
(embryonic) and �-globin (fetal) genes are positively regulated
by KLF1 and KLF2 in embryos. Conditional KO mouse experi-
ments indicate that the effect of KLF2 on embryonic globin gene
regulation is at least partly erythroid cell-autonomous. KLF1
and KLF2 bind directly to the promoters of the human �- and
�-globin genes, themouse embryonic Ey- and�h1-globin genes,
and also to the �-globin locus control region, as demonstrated
by ChIP assays with mouse embryonic blood cells. H3K9Ac and
H3K4me3marks indicate open chromatin and active transcrip-
tion, respectively. These marks are diminished at the Ey-, �h1-,
�- and �-globin genes and locus control region in KLF1�/�

embryos, correlating with reduced gene expression. Therefore,
KLF1 and KLF2 positively regulate the embryonic and fetal
�-globin genes through direct promoter binding. KLF1 is
required for normal histonemodifications in the �-globin locus
in mouse embryos.

Erythroid cells are one of the first differentiated cell types in
embryos (1). There are two unique processes in development:
primitive and definitive erythropoiesis. Primitive erythropoie-
sis initiates from the extraembryonic mesoderm of the yolk sac

as early as embryonic day 7.5 (E7.5)2 in mice (2, 3). Definitive
erythropoiesis is detected in the mouse fetal liver by E11.5 (4).
The human �-globins are encoded by four major genes, �
(embryonic), G� and A� (fetal), and � (adult), located on chro-
mosome 11. Themouse�-globin locus contains four genes, two
embryonic (Ey and �h1), and two adult (�maj and �min).

The expression of the �-globin genes is jointly regulated by
elements in the promoter regions and an upstream enhancer
region, the locus control region (LCR). The human �-globin
LCR, located 6–22 kb upstream of the �-globin gene, contains
multiple erythroid-specific DNase I hypersensitive sites (HS)
and plays a crucial role inmaintaining�-globin gene expression
(5, 6). Examples of regulatory elements within the promoters of
all �-globin genes are TATA, CAAT, and CACCC (7).
Krüppel-like factors (KLFs) are a family of transcription fac-

tors that bind GC-rich sequences such as CACCC elements.
The KLFs bind DNA via three carboxyl-terminal Cys-2/His-2
zinc fingers (8). Seventeen mammalian proteins have been
identified in this family and are designated KLF1 to KLF17.
KLFs are implicated in many cellular functions, such as eryth-
ropoiesis, cell differentiation, proliferation, and tissue develop-
ment (9). The human and mouse KLF proteins are highly con-
served. For example, KLF1 is 73% similar in the two species
(although 90% similar within the zinc finger domain), andKLF2
is 90% similar in mouse and man.
KLF1, also known as erythroid Krüppel-like factor or EKLF,

is expressed only in erythroid cells and plays essential roles in
embryonic and adult �-globin gene expression (10–12). KLF1
is a master regulator of adult �-globin gene expression (10, 11).
Semiquantitative ChIP assays revealed that HA-tagged KLF1
binds to the promoters of the embryonic�-like globin genes (Ey
and �h1), to HS1, HS2, HS3, and HS5 in mouse primitive
erythroid cells, and to the promoter of the mouse adult �maj-
globin gene in primitive and definitive cells (13). KLF1 interacts
with CBP, p300, and PCAF, which have histone acetyltrans-
ferase activity (14). KLF1 is also implicated in erythroid pro-
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cesses other than �-globin gene regulation, such as cell matu-
ration and cell membrane integrity (15, 16).
KLF2, originally known as lung KLF or LKLF, has important

roles in T-cell differentiation and blood vessel development (9).
KLF2 is a positive regulator of the mouse and human embry-
onic �-globin genes (17). KLF1 and KLF2 have high homology
within their DNA-binding domains and reside close to each
other on the same chromosome in human andmouse, suggest-
ing that they originated from a gene duplication event (17).
KLF1 and KLF2 can partially functionally compensate for each
other in regulating themouse embryonic�-globin genes.When
both KLF1 and KLF2 are simultaneously ablated in mice, the
amounts of Ey- and �h1-globin mRNA are reduced more than
in KLF1 or KLF2 single knockouts (12). Like KLF1, KLF2
recruits proteins with histone acetyltransferase activity such as
CBP, p300 and PCAF (18).
KLF1 and KLF2 coordinately regulate the mouse embryonic

�-globin genes. In this study, we wished to determine whether
KLF1 and KLF2 also control the human embryonic and fetal
�-globin genes. This knowledge could facilitate therapeutic
strategies to express these genes in adults with �-hemoglobi-
nopathies. A second goal was to further establish themechanis-
tic roles of KLF1 and KLF2 in globin gene regulation. In this
work, it was determined that KLF1 and KLF2 mRNA are
expressed in similar amounts in mouse primitive erythroid
cells. The expression of KLF1 but not KLF2 mRNA is greatly
increased in definitive erythroid cells. Transgenic mice that
harbor the complete human�-globin locus (19, 20), in conjunc-
tion with gene knockouts, were used to determine that KLF1
and KLF2 positively regulate human �- and �-globin gene
expression in the embryo. KLF2 has an erythroid cell auton-
omous role in embryonic globin gene regulation, although it
may also have non-cell-autonomous functions. In quantita-
tive ChIP assays, KLF1 and KLF2 bind to the promoters of
the mouse embryonic Ey- and �h1-globin and the human �-
and �-globin genes in mouse primitive erythroid cells. KLF1,
but not KLF2, is required to establish the normal histone
modification status in the mouse and human �-globin loci in
mouse primitive erythroid cells. Although both KLF1 and
KLF2 directly affect globin gene regulation through the same
DNA binding sites, their mechanisms of action appear to be
somewhat different.

EXPERIMENTAL PROCEDURES

Generation of Knockout and Transgenic Mice—The KLF1
KOmouse model was developed by targeting the gene with the
neomycin resistance gene (10). TheKLF2KOmousemodelwas
developed by targeting the gene with the hypoxanthine phos-
phoribosyl-transferase (Hprt) gene (21). Because KLF1 and
KLF2 are located in close proximity on mouse chromosome 8,
recombination between the two genes is rare. Therefore, a
mouse model that has the KLF1 and KLF2 KO alleles on the
same DNA homolog was generated (12). Transgenic mice that
carry the entire human �-globin locus (Tg-HBB) were
described previously (19, 20). Tg-HBB mice were bred with
KLF1�/� or KLF2�/� mice to obtain KLF1�/�Tg-HBB,
KLF2�/�Tg-HBB, and KLF1�/�KLF2�/�Tg-HBB mice.

Mouse embryonic yolk sacs and blood cells were collected as
described (12).
For the conditional KO studies, mice with a floxed KLF2

allele were obtained from Dr. Jerry Lingrel (22). The ErGFP-
Cre transgenic mice were described previously (23). Mice
with a floxed KLF2 allele (KLF2F/� mice) were mated with
transgenic mice carrying an improved GFP-Cre fusion gene
under the control of the endogenous erythropoietin receptor
(EpoR) promoter (ErGFP-Cre mice) to obtain KLF2F/�,
ErGFP-Cre mice.
RNA Preparation and cDNA Synthesis—Total RNA from

yolk sacs, embryonic blood, or fetal liver cells was prepared
using the To�TALLY RNATM kit (Applied Biosystems, Foster
City, CA). RNA concentrations were determined using aNano-
drop spectrophotometer (Thermo Scientific, Wilmington, DE)
or an Agilent bioanalyzer (Agilent Technologies, Inc., Santa
Clara, CA). The integrity of RNAwas assayed using gel electro-
phoresis or an Agilent bioanalyzer. cDNA was synthesized
using the iScriptTM cDNA synthesis kit (Bio-Rad).
Quantitative Reverse Transcriptase PCR (qRT-PCR)—Mouse

KLF1, KLF2, cyclophilin A, glycophorin A (GPA), Ey- and �h1-
globin, and human �- and �-globinmRNA amounts were quan-
tified using qRT-PCR with SYBR Green or Taqman reagents
(Applied Biosystems). Mouse cyclophilin A and GPA mRNA
were used as internal standards for normalization as indicated
in the figure legends.GPA is erythroid-specific and could there-
fore be used in the assays with yolk sacmRNA to correct for any
reduction in the number of red blood cells inmutant compared
with WT embryos. qRT-PCR was performed using an ABI
Prism 7300 analyzer (Applied Biosystems). For quantification
using SYBR Green chemistry, a dissociation step was per-
formed, and it was verified that only one product was amplified.
A standard curve from pooled cDNA samples was included in
each run and used either to measure the relative amounts of
unknown samples or to obtain the efficiency of specific primers
(Efficiency [E] � 10ˆ(-1/slope)). Fold change (relative expres-
sion) was calculated as EˆCtendogenous gene/EˆCttest gene (for Fig.
1). Primer and probe sequences are indicated in supplemental
Table 1. Statistical significance was calculated using the Stu-
dent’s t test.
ChIP—ChIP assays were performed essentially as described

previously (24). Briefly, for each biological replicate, �5 � 106
blood cells from Tg-HBB embryos were cross-linked with 1%
formaldehyde for 10 min at room temperature. Cross-linking
was stopped by adding glycine. Nuclei were purified and lysed
to collect chromatin. Chromatin was sheared to �500 bp using
a Bioruptor sonicator (Diagenode, Sparta, NJ). Chromatin was
precleared using proteinG (Millipore, catalog no. 16–266), and
equal aliquots were incubated with either specific antibody
(Ab) or nonspecific IgG. Precipitated chromatin was washed,
and cross-links were reversed. DNA was purified and analyzed
using quantitative PCR (qPCR) and SYBR Green chemistry.
Fold enrichment was calculated as 2ˆ(Ctinput � Cttest) and
expressed relative to the IgG control. Antibodies used were
anti-H3K9Ac (Abcam, catalog no. Ab4441), anti-H3K4me3
(Upstate-Millipore, catalog no. 07–473), anti-KLF1 (Abcam,
catalog no. AB-2483), anti-KLF2 (KLF2_Ng (25), anti-KLF2
(KLF2-SC, Santa Cruz Biotechnology, catalog no. sc-18690),
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nonspecific IgG (rabbit, Abcam, catalog no. ab46540, or goat,
Santa Cruz Biotechnology, catalog no. sc-2028). For optimal
results, the KLF2_Ng antibody is recommended. Primer
sequences for qPCR are indicated in supplemental Table 2.

RESULTS

KLF1 andKLF2mRNAAmounts Are Similar in Primitive but
Not Definitive Erythroid Cells—KLF1 is amajor regulator of the
human andmouse adult �-globin genes (10, 11), whereas KLF2
regulates embryonic but not adult �-globin gene expression
(17). The relative amounts of KLF1 and KLF2 mRNA were
compared in primitive and definitive erythroid cells matched
for similar stages of differentiation. E9.5 blood (primitive) and
E12.5 fetal liver (definitive) mRNA were used for the compari-
son because both contain mostly basophilic erythroblasts (26,
27). The vast majority of E12.5 fetal liver cells are erythroid (26,
27). qRT-PCR results indicate that KLF1 and KLF2mRNAs are
expressed in similar amounts at E9.5 (Fig. 1). The amount of
KLF1 mRNA dramatically increases by E12.5, whereas KLF2
mRNA remains relatively unchanged. The ratio of KLF1 to
KLF2 mRNA at E9.5 is less than 2, but it is more than 16 at
E12.5. The developmental expression pattern of KLF1 and
KLF2mRNA correlates with globin gene expression. KLF1 and
KLF2 regulate the mouse Ey- and �h1-globin genes that are
expressed at E9.5, whereas KLF1, but not KLF2, regulates the
adult �-globin genes expressed at E12.5 (12, 17).
KLF1 and KLF2 Regulate Human �- and �-Globin Gene

Expression—KLF1 and KLF2 regulate the mouse embryonic
�-globin genes, Ey and �h1, during primitive erythropoiesis
(12).WhenKLF1 andKLF2 are simultaneously ablated, Ey- and
�h1-globin mRNA amounts are reduced by severalfold to less
than amounts measured in either single KO (12). The human
embryonic and fetal�-globin genes, � and �, are both expressed
at E10.5 in transgenicmousemodels (28). To testwhetherKLF1

and KLF2 regulate human �-globin gene expression in the
embryo, dual human �-globin locus transgenic (Tg-HBB) and
KO mice were used. Dual Tg-HBB and heterozygous KO mice
were crossed with heterozygous KO mice to obtain E10.5
KLF1�/� Tg-HBB, KLF2�/� Tg-HBB, and KLF1�/�KLF2�/�

Tg-HBB embryos. qRT-PCR was used to measure the amounts
of human �- and �-globinmRNA inmutant andWTE10.5 yolk
sacs. GPA is a cell surface protein expressed exclusively on
erythroid cells late in differentiation. GPA mRNA was used as
an internal standard to which �- and �-globin mRNA amounts
were normalized. GPA mRNA amounts in KLF1�/�KLF2�/�

(double KO) and WT yolk sacs are not significantly different
(12), but there is amodest elevation inGPAmRNA in KLF1�/�

compared with WT yolk sacs (data not shown).
�-globin mRNA is significantly reduced to 15 and 49% in

KLF1�/� Tg-HBB and KLF2�/� Tg-HBB yolk sacs, respec-
tively, compared with Tg-HBB (p � 0.025) (Fig. 2A). �-globin
mRNA was reduced to 31% of Tg-HBB in KLF1�/� Tg-HBB
yolk sacs (p � 0.025) (Fig. 2B). KLF2 has a more modest effect
on �-globin gene expression (17), which is reduced to 73% of
Tg-HBB in KLF2�/� Tg-HBB yolk sacs (p � 0.05) (Fig. 2B).
KLF1 appears to have a greater effect on �- and �-globin gene
expression, but KLF2 also contributes. The quantity of �- and
�-globinmRNA in KLF1�/� Tg-HBB yolk sacs may bemargin-
ally underestimated compared with KLF1�/�KLF2�/� Tg-
HBB. Thus, we cannot rule out possible synergistic regulation
of the human �- and �-globin genes by KLF1 and KLF2 in the
transgenic mouse model.
KLF2Regulation ofMurine Ey- and�h1-GlobinGene Expres-

sion Is Cell-autonomous—KLF1 has an erythroid-specific
expression pattern, but KLF2 is expressed in numerous cell
types, including erythroid and endothelial cells. To determine
whether regulation of the mouse embryonic globin genes by
KLF2 is erythroid cell-autonomous, a conditional KO mouse
model was used in which the KLF2 gene is deleted in erythroid
cells. Erythroid cell-autonomous effects are defined here as

FIGURE 1. Developmental expression patterns of KLF1 and KLF2 mRNA.
Expression of KLF1 and KLF2 mRNA during primitive (E9.5 blood) and defini-
tive (E12.5 fetal liver) erythropoiesis. Erythroid cells from E9.5 circulating
blood and E12.5 fetal liver are in similar stages of differentiation. The amounts
of mouse KLF1 and KLF2 mRNA were measured using qRT-PCR and normal-
ized to cyclophilin A. Fold change was calculated using the 2�CT method after
correcting for different primer efficiency. At least four biological replicates
were tested at each time point. *, p �0.05). Error bars, S.D.

FIGURE 2. KLF1 and KLF2 positively regulate human embryonic and fetal
�-globin gene expression. Human embryonic and fetal �-globin gene
expression in yolk sacs from KLF1�/�KLF2�/� at E10.5 compared with wild-
type and single knockouts. A,�-globin mRNA. B,�-globin mRNA. GPA mRNA was
used as an internal standard for quantitative RT-PCR. The globin-to-GPA mRNA
ratio for WT was taken as 100% and for the other genotypes is expressed com-
pared with WT. The KLF2�/� data comes from a previous study (17). †, p � 0.05; *,
p � 0.025 compared with WT. Between four and six biological replicates were
used. Error bars, S.D. K1�/�, KLF1�/�; K2�/�, KLF2�/�.
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being due to loss of KLF2 in erythroid cells and not indirectly
due to KLF2 ablation in another cell type. KLF2F/�, ErGFP-
Cre and KLF2F/F mice were mated to obtain E10.5 KLF2F/F,
ErGFP-Cre (test), andKLF2F/F (control) embryos. The ErGFP-
Cre transgene is active in primitive erythroid cells (23, 29). RNA
prepared from peripheral blood cells was used to quantify Ey-
and �h1-globin expression by qRT-PCR. The amount of globin
mRNA in KLF2F/F, ErGFP-Cre, and KLF2F/F (without Cre)
was compared using five to eight biological replicates for each
genotype. Cyclophilin A mRNA was used as an internal stan-
dard because it is expressed at the same level in test and control
embryonic blood (data not shown). The use of peripheral blood
rather than yolk sac in these experiments overcomes the need
for an erythroid cell-specific internal standard.
As seen in Fig. 3, there is significantly less �h1-globinmRNA

inKLF2F/F, ErGFP-Cre comparedwith KLF2F/F (without Cre)
embryos (p � 0.05). The �h1-globin mRNA was reduced by
�25% in KLF2F/F, ErGFP-Cre embryonic blood cells (Fig. 3A).
There is a similar decreasing trend in Ey-globin mRNA in
KLF2F/F, ErGFP-Cre compared with KLF2F/F embryos (Fig.
3B), although this difference is not statistically significant.
Thesemodest differences are consistent with the fact that there
is �40% less KLF2 mRNA in KLF2F/F, ErGFP-Cre than in
KLF2F/F embryos (Fig. 3C), making these embryos more com-
parable with KLF2�/� than to KLF2�/� (17). Although whole-
mount staining of an ErGFP-Cre E13.5 embryo indicated trans-
gene expression in a single blood vessel in the head, transgene
expression is predominantly erythropoietic (23). The modest
effect of the conditional knockout on globin gene regulation is
likely due to inefficient excision of the KLF2 gene by the Cre
recombinase. KLF2 very likely has an erythroid-cell autono-
mous role in the regulation of the �h1- and Ey-globin genes.
However, the possibility that KLF2 also has non-cell-autono-
mous functions in globin gene expression cannot be excluded.
KLF1 and KLF2 Occupy the Embryonic and Fetal �-Globin

Promoters and the LCR—KLF1 and KLF2 control human and
mouse embryonic �-globin gene expression. To better under-

stand the mechanism for this control, ChIP assays using poly-
clonal antibodies against KLF1 and KLF2 were performed on
Tg-HBB transgenic mice, which have the human �-globin
locus. Unlike definitive erythroid cells, which are enucleated,
circulating primitive erythroid cells are nucleated at E10.5 and
E11.5, making them amenable to ChIP analyses. The amounts
of Ey-, �-, and �-globin mRNAs do not change appreciably
between E10.5 and E11.5 in mouse embryos, although �-globin
is expressed more than �-globin mRNA. However, the amount
of�h1-globinmRNA at E11.5 is�25% lower than at E10.5 (20).
To capture data for the �h1-globin gene, ChIP assays were per-
formed at E10.5 where feasible, although less cells per embryo
were available than at E11.5.
First, the specificity of the commercial KLF1 antibody was

confirmed in ChIP assays using WT and KLF1�/� E13.5 fetal
liver cells. The antibody is specific and binds to KLF1 in the
promoters of the adult �-globin genes in themouse and human
�-globin loci in WT, but not in KLF1�/� fetal livers (supple-
mental Fig. S1). At E10.5, KLF1 is significantly enriched at the
promoters of the Ey- and�h1-globin genes and atmouse 5�HS2
in the LCR (Fig. 4A, right panel). In the human �-globin locus,
KLF1 is significantly enriched at the promoter of the �-globin
gene, 5�HS2, and 5�HS3 (Fig. 4A, left panel). At E11.5, the pat-
tern of KLF1 enrichment at themouse and human�-globin loci
is similar to that at E10.5, except that binding of KLF1 to the
�-globin promoter is also evident at E11.5, perhaps because of
increased sensitivity of the assay because of more available cells
at this time point (Fig. 4B). As a negative control, KLF1 does not
bind to the promoter of �-actin at E10.5 and E11.5. The ChIP
assays indicate that KLF1 binds to all of the mouse and human
embryonic and fetal �-globin gene promoters and to the LCR.
At E11.5, KLF2 is detected at the Ey- but not the �h1-globin

promoter (Fig. 4C, right panel), which is consistent with higher
expression of the Ey- than the �h1-globin gene at this time
point (20). There was no evidence that KLF2 binds to 5�HS2 or
5�HS3 in the mouse �-globin LCR. In the human �-globin
locus, KLF2 is enriched by about 2-fold at the �-globin pro-
moter and at 5�HS2 and 5�HS3 (Fig. 4C, left panel). Although
the KLF2 binding measured at the �-globin promoter was not
statistically different from the negative control, it is approach-
ing significance. The lower amount of expression of the �- com-
pared with the �-globin gene in transgenic mice at E11.5 may
have decreased the sensitivity of the ChIP assay. KLF2 binds to
5�HS2 and 5�HS3 in the human �-globin locus, which differs
from data obtained by examining the mouse locus. These
results strongly suggest that regulation of the embryonic and
fetal �-globin genes by KLF1 and KLF2 is achieved by direct
binding to the CACCC elements in the promoters and LCR.
Binding of KLF1 and KLF2 to the LCR could be necessary for
direct contact between the LCR and the �-globin gene promot-
ers, as in adult erythroid cells (30).
KLF1 Affects Histone Modifications at the �-Globin Locus in

Embryos—Histone modifications correlate with the state of
gene transcription. In general, acetylated histonesmark actively
transcribed loci (31).More specifically, histone 3 lysine 9 acety-
lation (H3K9Ac) marks chromatin regions of open conforma-
tion, whereas histone 3 lysine 4 trimethylation (H3K4me3)
marks chromatin regions of active transcription (31, 32). KLF1

FIGURE 3. Erythroid cell-autonomous regulation of mouse �h1- and Ey-
globin expression by KLF2. Mouse embryonic globin mRNA was quantified
in KLF2F/F, ErGFP-Cre (erythroid conditional knockout), and KLF2F/F (wild-
type) mouse E10.5 erythroid cells. Cyclophilin A mRNA was used as an internal
standard for qRT-PCR. The globin-to-cyclophilin mRNA ratio for KLF2F/F was
taken as 100%. Shown are mouse embryonic �h1-globin (A), Ey-globin (B),
and KLF2 mRNA (C). *, p � 0.05. For KLF2F/F, n � 5 or 6 and for KLF2F/F,ErGFP-
Cre, n � 8. Error bars, S.D.
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andKLF2 interact with histone acetyltransferase cofactors such
as CBP, p300, and PCAF (14, 18). To determine whether the
absence of KLF1 and KLF2 in the blood cells from mutant
embryos disrupts the normal deposition of histonemarks at the
mouse and human �-globin loci, ChIP assays were performed
with antibodies specific to H3K9Ac and H3K4me3. These his-
tone marks are mostly enriched within the second or third
exons of the �-globin genes (33, 34).

At E10.5, the mouse Ey- and �h1-globin and human �- and
�-globin mRNAs are expressed. As expected, in normal cells
H3K9Ac (Fig. 5A) and H3K4me3 (B), marks were relatively
enriched at the expressed genes compared with nonspecific
antibodies. Surprisingly, H3K4me3 is also enriched in the adult
mouse�-globin gene,�maj, although it is not yet expressed (Fig.
5B). It is possible that H3K4me3 marks this gene prior to tran-
scription. At the LCR, the amount of H3K9Ac andH3K4me3 is

FIGURE 4. KLF1 and KLF2 bind the mouse and human �-globin loci in primitive erythroid cells. ChIP assays were performed on E10.5 (A) or E11.5 (B and C)
primitive erythroid cells of normal mice or transgenic mice that carry the entire human �-globin locus. Polyclonal antibodies specific for KLF1 (A and B) or KLF2
(C) and nonspecific IgG control antibody were used. The y axis represents the relative fold enrichment. The mean IgG enrichment was set as 1.0, and the
enrichment of KLF1 was scaled appropriately. The x axis shows the location of the primers used for qPCR. Pr, promoter. The primers were specific to the DNase
I hypersensitive sites 5�HS2 and 5�HS3, the promoters of the mouse (Ey-, �h1-, �maj-) and the human �-globin genes (�, �, and �). Primers specific to �-actin
were used as negative controls. *, significant enrichment compared with IgG (p �0.05). A, KLF1 ChIP on E10.5 erythroid cells, n � 3. B, KLF1 ChIP on E11.5
erythroid cells, n � 3. C, KLF2 ChIP on E11.5 erythroid cells. Two KLF2 antibodies were used on the mouse �-globin locus (one was from Santa Cruz, and the other
was a gift from Dr. Ng). Mouse locus and �-actin, n � 4 for IgG and KLF2_Ng; n � 2 for KLF2_SC; human locus, n � 2. Error bars, S.E.
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generally less than at the globin genes, but is enriched com-
pared with IgG.
When KLF1 is ablated, the enrichment of H3K9Ac is signif-

icantly reduced in themouse Ey- and �h1-globin and human �-
and �-globin genes (Fig. 5A). Similarly, the enrichment of
H3K4me3 is significantly reduced in the Ey-,�h1-, and �-globin
genes whenKLF1 is ablated (Fig. 5B). The amount of H3K4me3
in the �-globin gene ismodestly but not significantly reduced in
the absence of KLF1, although �-globin mRNA is significantly
reduced in KLF1�/� compared with WT primitive erythroid
cells. In the absence of KLF1, the amount of H3K9Ac and
H3K4me3 atmouse and human 5�HS2 and 5�HS3 is also signif-
icantly decreased compared with WT (Fig. 5, A and B). The
mouse necdin gene is a neuron-specific gene that is not
expressed in erythroid cells (35). The amounts of H3K9Ac and
H3K4me3 at the necdin gene are low and not different in WT
and KLF1�/� primitive blood cells. The lower abundance of
H3K9Ac and H3K4me3 at the mouse and human �-globin
genes and LCR in KLF1�/� compared withWT cells correlates
with reduced transcription.
KLF2 does not affect histone modifications to the same

extent as KLF1.Most of the sites in the�-globin locus that were
tested do not exhibit differences in H3K9Ac and H3K4me3
marks betweenWTandKLF2�/� primitive erythroid cells (Fig.
5, C and D). However, the H3K9Ac and H3K4me3 enrichment
is reduced in KLF2�/� compared with WT at the adult human
�-globin gene. Unexpectedly, H3K4me3 enrichment is higher
at the Ey-globin gene inKLF2�/� comparedwithWTerythroid
cells (Fig. 5D).

DISCUSSION

It was originally believed that KLF1 is required only for adult
�-globin gene expression because KLF1 KO mice die just after
the embryonic to adult �-globin gene switch (10, 11). However,
more quantitativemRNA analyses in KLF1KOmouse embryos
established thatKLF1 regulatesmouse Ey- and�h1-globin gene
expression in primitive erythroid cells (12). KLF2 also has a role
in mouse Ey- and �h1-globin gene regulation (17). Further-
more, in transgenic mouse models, KLF2 regulates the human
�- and �-globin genes in the E10.5 yolk sac (17). Here, we estab-
lished that KLF1 is also required for normal expression of the
human embryonic �- and fetal �-globin genes during mouse
primitive erythropoiesis.
It is shown here that KLF2 has an erythroid cell autonomous

role inmouse embryonic �h1-globin gene expression, as would
be expected if it directly regulates the globin genes. Further-
more, KLF1 and KLF2 occupy the promoters of the mouse Ey-
and �h1-globin and human �- and �-globin genes, supporting
their direct roles in globin gene regulation. The ChIP data pro-
vides the first quantitative evidence that KLF1 binds to the
�-globin promoters during primitive erythropoiesis. We did
not detect KLF1 at the promoter of the�maj-globin gene, as was

reported in semiquantitative assays using a tagged KLF1
knockin in primitive erythroid cells (13). KLF2 directly binds to
the promoters/enhancers of key regulators of stem cell pluripo-
tency in ES cells (25). Our data shows that KLF2 is directly
recruited to the promoters of the murine and human embry-
onic and fetal �-globin genes in native primitive erythroid cells.
Our work indicates that KLF1 acts directly as a positive reg-

ulator of the human �- and �-globin and mouse Ey- and �h1-
globin genes during embryonic erythropoiesis. This is in con-
trast to increasing evidence that has recently emerged,
supporting an indirect negative role for KLF1 in �-globin gene
regulation during adult erythropoiesis. Certain mutations in
the human KLF1 gene have been correlated with hereditary
persistence of fetal hemoglobin (36–39). An E325K mutation
was detected in patients with congenital dyserythropoietic ane-
mia who express increased amounts of HbF (36). Amutation in
the analogous residue, E339D, occurs in the Nanmouse, which
has an increase in �h1-globin expression in the fetal liver and
adult spleen (37). A heterozygous K288Xmutation is found in a
Maltese family with hereditary persistence of fetal hemoglobin.
Themutation eliminates the KLF1 zinc fingers and hence abro-
gates DNA binding (38). Interestingly, an S270Xmutation in a
Sardinian family does not cause an increase inHbF even though
it eliminates the zinc fingers (39). A compound heterozygote
with the S270X and a K332Q mutation does have hereditary
persistence of fetal hemoglobin (39). The mechanism for the
negative effect of KLF1 on �-globin gene regulation in the adult
is most probably indirect via up-regulation of BCL11A (38, 40).
Apparently, KLF1 can positively or negatively affect �-globin
gene regulation, depending on the erythroid cell milieu.
The expression patterns of KLF1 and KLF2 in primitive and

definitive erythroid cells were analyzed and reveal a possible
explanation for the different milieu at the two stages. The ratio
of KLF1 to KLF2 mRNA increases dramatically as erythroid
cells switch from the primitive to the definitive stage. KLF1 acts
as a repressor of megakaryocytic differentiation genes and
therefore drives megakaryocyte-erythroid progenitor cells
toward erythroid differentiation (41). It is possible that KLF1 is
also involved in the switch from primitive to definitive erythro-
poiesis. It is plausible that KLF2 drives erythroid cells toward
embryonic globin gene expression, opposing the role of KLF1.
KLF1 and KLF2 have a high degree of homology in their zinc

finger domains and can partially compensate for each other in
embryonic erythroid cells, probably because they regulate com-
mon target genes (12). Functional overlap between family
members of transcription factors is common. GATA1 and
GATA2, for example, can compensate fully or partially for each
other during erythropoiesis (42, 43). Primitive erythroid cells
are present inGATA1KOembryos. GATA2KOembryos show
a modest reduction in the number of primitive erythroid pre-
cursors. However, when both GATA1 and GATA2 are ablated,

FIGURE 5. Differential enrichment of H3K9Ac and H3K4me3 at the mouse and human �-globin loci in WT, KLF1�/� and KLF2�/� primitive erythroid
cells. ChIP assays using anti-H3K9Ac (A and C) or anti-H3K4me3 (B and D) were performed on E10.5 erythroid cells from WT, KLF1�/� (A and B), or KLF2�/� (C
and D) embryos with the human �-globin locus. H3K9Ac generally indicates open chromatin conformation, whereas H3K4me3 indicates active transcription.
The mean IgG enrichment was set as 1.0, and the enrichment of H3K9Ac or H3K4me3 were scaled appropriately. Necdin was used as a negative control. Ex,
exonic region. n � 3. Error bars, S.E.; *, significant enrichment compared with IgG (p �0.05).
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no primitive erythroid cells are detected (42). When expressed
under the control of the GATA1 hematopoietic regulatory
domain, GATA2 can rescue the GATA1 KO phenotype (44).
Moreover, cross-regulation can occur between transcription
factor family members. KLF2, for example, positively regulates
KLF1 in primitive erythroid cells (12). KLF8 is up-regulated by
KLF1 and down-regulated by KLF3 (45). KLF1 also can activate
KLF3 by directly binding to its promoter (46). GATA1 nega-
tively regulates GATA2 in definitive erythroid cells and mega-
karyocytes (47–49).
Our data indicate that at E10.5, H3K9Ac, and H3K4me3 are

enriched at the actively transcribed globin genes, mouse Ey and
�h1 and human � and �. Previous reports have shown that
H3K9Ac and H3K4me3 marks correlate with each other in the
human �-globin locus during adult erythropoiesis (33). Our
work provides the first demonstration in native embryonic
erythroid cells that H3K9Ac is associated only with the actively
transcribed globin genes. In contrast, in a previous study of
mouse embryonic erythropoiesis using an antibody that detects
both H3K9Ac and H3K14Ac (i.e. H3Ac), H3Ac and H3K4me2
enrichment was found at both the embryonic and adult �-glo-
bin genes (50). In the human �-globin locus, H3Ac and
H3K4me2 are detected within the LCR, and only at the active
�-globin genes (50, 51). In K562, a human cell line that
expresses the fetal �- but not the adult �-globin gene, H3Ac,
H3K4me2, andH3K4me3 are enriched specifically at the �-glo-
bin gene (52). H3K4me3 is enriched only in the actively tran-
scribed fetal and adult �-globin genes in human and mouse
tissue culture cell models, respectively (52, 53). Our results in
native embryonic erythroid cells differ in that H3K4me3 is
somewhat enriched at the mouse adult �maj-globin gene at
E10.5 prior to its activation.
KLF1 binds to histone-modifying proteins such as CBP,

p300, and PCAF (14, 18, 54). Our data indicate for the first time
that H3K9Ac and H3K4me3 are reduced at the mouse Ey- and
�h1-globin and human �- and �-globin genes in primitive
erythroid cells lacking KLF1. Transcription factors have been
implicated previously in affecting histone modifications. The
presence of GATA1 correlates with histone acetylation,
H3K4me2, and H3K4me3 at the murine �-globin locus (55).
Histone acetylation and H3K4me3 are significantly reduced in
the adult �-globin gene by the absence of KLF1 in E13.5 fetal
liver cells (56). It is difficult to dissect cause and effect in these
cases. It is not knownwhether reduced transcription because of
the absence of the transcription factor leads to decreasedH3Ac
and H3K4me3 or vice versa. However, there is a strong corre-
lation between the presence of KLF1 and the occurrence of
histone marks found in actively transcribed genes.
A simple model incorporating the available data is that KLF1

and KLF2 interchangeably (but not simultaneously) bind to the
sameCACCC elements in the LCR and promoters in the�-glo-
bin locus and promote gene expression in the embryo. This
model is supported by the fact that KLF1 and KLF2 have very
similar DNA binding domains, that there is no evidence that
they can form dimers, and that they are likely to be present in
similar amounts in embryonic blood cells. Individually, the
effect of KLF1 on globin gene regulation tends to be greater
than that of KLF2, based on qRT-PCR in themouseKOmodels.

Interestingly, this draws a parallel with our results studying his-
tonemarks in KLF1�/� andKLF2�/� embryonic blood cells. In
these experiments, KLF1 binding correlates with histonemarks
that are associated with transcription, whereas KLF2 does not
appear to dictate histone modifications in the �-globin locus.
Yet, both KLF1 and KLF2 positively regulate globin gene tran-
scription through direct binding to CACCC elements in the
locus. Therefore, there are distinct yet overlappingmechanistic
roles for KLF1 and KLF2 in embryonic red blood cells.
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