MOLECULAR AND CELLULAR BIOLOGY, July 2010, p. 3460-3470
0270-7306/10/$12.00  doi:10.1128/MCB.00001-10

Vol. 30, No. 14

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Role of the GATA-1/FOG-1/NuRD Pathway in the Expression of

Human B-Like Globin Genes"

Annarita Miccio! and Gerd A. Blobel'-?*

Division of Hematology, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania 19104," and
University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104>

Received 2 January 2010/Returned for modification 10 April 2010/Accepted 26 April 2010

The human (3-globin genes are expressed in a developmentally controlled fashion. Studies on the molecular
mechanisms underlying the stage-specific regulation of globin genes have been fueled by the clinical benefit of
elevated fetal y-globin expression in patients with sickle cell anemia and thalassemia. Recent reports suggested
a role of the hematopoietic transcription factor GATA-1, its cofactor FOG-1, and the associated chromatin
remodeling complex NuRD in the developmental silencing of HBGI and HBG2 gene expression. To examine
whether FOG-1 via NuRD controls HBGI and HBG?2 silencing in vivo, we created mice in which the FOG-1/
NuRD complex is disrupted (A. Miccio et al., EMBO J. 29:442-456, 2010) and crossed these with animals
carrying the entire human f-globin gene locus as a transgene. We found that the FOG-1/NuRD interaction is
dispensable for the silencing of human HBGI and HBG2 expression. In addition, mutant animals displayed
normal silencing of the endogenous embryonic globin genes. In contrast, a significant reduction of adult-type
human and murine globin gene expression was found in adult bone marrows of mutant animals. These results
suggest that, unexpectedly, NuRD is required for FOG-1-dependent activation of adult-type globin gene

expression but is dispensable for human vy-globin silencing in vivo.

The human B-like globin genes are expressed in a tightly
controlled fashion throughout development (5, 36). During the
embryonic stage of human erythropoiesis, e-globin (HBEI) is
the predominantly expressed gene. When hematopoiesis shifts
to the fetal liver, y-globin is produced from two almost iden-
tical genes, HBGI and HBG?2. Around the time of birth when
the bone marrow becomes the primary site of hematopoiesis,
HBG1 and HBG2 expression is silenced and HBB is the most
highly expressed globin gene. This process is referred to as
hemoglobin switching.

A major impetus for the study of hemoglobin switching
derives from the long-standing observation that patients with
sickle cell anemia or B-thalassemia who have linked mutations
that elevate +y-globin levels experience a more benign clinical
course of the disease. Progress toward the design of targeted
therapies to raise y-globin expression has been stymied by a
lack of understanding of how +y-globin expression is normally
silenced after birth. Several nuclear factors are thought to
contribute to this complex process, including erythroid Krup-
pel-like factor (EKLF) and related Kruppel-like transcription
factors (1, 2, 11), the stage selector protein (SSP) (20, 21, 44,
45), and the orphan nuclear receptors TR2/TR4 (37, 38). More
recent studies found a major role for BCL11A in the silencing
of y-globin expression in human cells (7, 24, 26, 33, 34, 41).

The hematopoietic transcription factor GATA-1 has also
been proposed to contribute to the silencing of the y-globin
genes. GATA-1 is a zinc finger protein that binds to WG
ATAR elements found in the regulatory regions of virtually all
erythroid genes including the «- and B-globin genes (12).
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GATA-1 was originally identified as a positive regulator of
erythroid-specific gene transcription. Later studies found that
GATA-1 can also directly repress transcription of numerous
genes, including GATA-2 and c-Kit (16, 23, 29, 43). In addi-
tion, it was discovered that depending on the developmental
stage, GATA-1 can exert repressive activity on the p-like glo-
bin genes. For example, GATA-1 negatively regulates human
HBE] expression by interacting with one or more silencer
elements within the 5" flanking region of the gene (32). Two
recent studies independently provided evidence for a direct
role of GATA-1 in vy-globin silencing. In the first, a marked
human globin locus was used to examine sequences required
for y-globin silencing in transgenic mice. It was found that a
352-bp region harboring a conserved GATA element at posi-
tion —566 5" of the HBG1 gene contributes to the silencing of
v-globin expression in definitive erythropoiesis (17). In the
second study, a family with hereditary persistence of fetal he-
moglobin (HPFH) was reported to carry a mutation at the
corresponding GATA site in the HBG?2 gene (6). Both reports
showed that GATA-1 occupies this element in fetal erythroid
cells. Thus, even in the context of globin gene expression, it
appears that GATA-1 can function both as activator and re-
pressor in a context-dependent manner. How GATA-1 exerts
these distinct functions remains unresolved (7, 39).

Most of GATA-1 functions require binding to the hemato-
poietic-specific multitype zinc finger protein FOG-1 (40). Nu-
merous studies revealed that FOG-1 functions during both
activation and repression of gene transcription by GATA-1 (9,
10, 13, 16, 23, 40, 42). Definitive in vivo evidence for the
requirement of a direct GATA-1/FOG-1 interaction derived
from the study of patients with X-linked thrombocytopenia
and dyserythropoietic anemia who were found to bear a point
mutation (V205M) in the N-terminal zinc finger of GATA-1
(30). Importantly, substitutions at this residue were demon-
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strated to impair the GATA-1/FOG-1 interaction in vitro and
in vivo (9, 30). Ensuing studies identified more families with
similar clinical presentations that were caused by point muta-
tions in GATA-1 that affected FOG-1 binding (8).

FOG-1 interacts with several protein complexes, including
TACC3, CtBP-2, and NuRD (13, 15, 18). CtBP-2 is a core-
pressor, and its binding site is conserved among all members of
the FOG family of proteins. While mutations at the CtBP-2
binding site affect FOG-1 function in vitro (10, 13), the in vivo
relevance of this interaction remains uncertain (22). We re-
cently reported that FOG-1 interacts with high affinity and
specificity with the NuRD (nucleosome remodeling and his-
tone deacetylase) corepressor complex in vitro and in vivo. This
interaction is mediated by a short, conserved N-terminal motif
that is also found in other transcriptional repressors, including
Bcl11A and Bcll11B, SALL1-4, Ebf-associated zinc finger pro-
tein (EBFAZ), and Evi3 (18). Deletion of this motif leads to
loss of NuRD binding and transcriptional repression in vitro
(18). To examine the FOG-1/NuRD interaction in vivo, we
used a knock-in approach to generate mice bearing three point
mutations (R3G, R4G, and K5A) within the NuRD-binding
module of FOG-1 that specifically and completely abrogate
NuRD binding. Animals homozygous for the knock-in muta-
tions (Fogl*/*) are anemic and display defects in platelet
formation, indicating that NuRD binding by FOG-1 is essential
for normal erythroid and megakaryocyte development (28).
The NuRD complex contains histone deacetylases and inter-
acts with diverse transcriptional repressors, leading to its clas-
sification as a corepressor complex. Therefore, it was unex-
pected to find that NuRD is also required for FOG-1-mediated
transcriptional activation of select GATA-1/FOG-1 target
genes (28). While this work shows that NuRD is an important
coregulator for FOG-1, it leaves unanswered the question as to
the distinctive features of activating versus repressive functions
of FOG-1.

The studies implicating GATA-1 in the developmental si-
lencing of y-globin expression raised the possibility that repres-
sion occurs via FOG-1 and NuRD. Indeed, FOG-1 and the
NuRD component Mi-2f were detected by chromatin immu-
noprecipitation (ChIP) at a region encompassing the —566
GATA element upstream of the HBG1 gene in definitive ery-
throid cells, suggesting that FOG-1 and NuRD control vy-glo-
bin repression directly (17). Since NuRD harbors several en-
zymatically active subunits (Mi-23, HDAC-1, and HDAC-2), it
stands as a potential target for pharmacological intervention to
raise y-globin levels in human patients. Moreover, small mol-
ecules that specifically inhibit the FOG-1/NuRD interaction
might also derepress y-globin expression in definitive cells. In
light of these important implications, we decided to test in vivo
whether FOG-1 via NuRD controls y-globin silencing in vivo.
To this end we bred the Fog1*/% animals with transgenic mice
containing a yeast artificial chromosome (YAC) bearing the
human B-globin gene cluster (hB-YAC). The expression of all
human B-like globin genes was examined at embryonic, fetal,
and adult stages of development in compound Fogl*/*/hp-
YAC animals. We found that the FOG-1/NuRD interaction is
dispensable for repression of human +y-globin in vivo. Instead,
NuRD binding by FOG-1 is required for the full expression of
adult-type B-like globin genes in definitive erythroid cells.
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MATERIALS AND METHODS

Generation of compound Fog1*/</hB-YAC mice. The generation of Fog1*/ki
mice was described previously (28). A20.1 hB-YAC transgenic mice (14, 31) were
kindly provided by Karin Gaensler. Fogl¥* and hB-YAC mice were crossed,
and genotyping performed to identify the Fog-1 mutation (described in reference
28) and the hB-YAC transgene. For the latter, semiquantitative PCR was em-
ployed using the following primers: A20.1 F, 5'-TTTGAGGTTGCTAGTGAA
CACAGTT-3’, and A20.1 R, 5-TACGTAAATACACTTGCAAAGGAGG-3’
(product length, 310 bp). Primers for the endogenous interleukin-2 (IL-2) locus
(IL-2 F, 5'-CTAGGCCAGAGAATTGAAAGATCT-3'; IL-2 R, 5'-GTAGGTG
GAAATTCTAGCATCATCC-3'; product length, 324 bp) served as a control.
Mice were maintained in the animal facility at The Children’s Hospital of Phil-
adelphia. Experiments involving mice were approved by the Institutional Animal
Care and Use Committee.

RNA analysis. Total RNA was extracted with Trizol (Invitrogen) from fluo-
rescence-activated cell sorter (FACS)-enriched Ter119"eh CD71M" bone mar-
row (BM) and fetal liver (FL) cells. Equal numbers of sorted cells were used
from Fog1¥"%i/hB-YAC, Fog1</*/hB-YAC, and Fogl */*/hB-YAC animals. RNA
was reverse transcribed using Superscript II as per the manufacturer’s instruc-
tions (Invitrogen). Quantitative reverse-transcription PCR (qQRT-PCR) was per-
formed using SYBR green (Applied Biosystems).

Primer sequences for the HBE1, HBG1, HBG2, HBD, Hbb-b1, Hba-al, Hba-x
and Hbb-bhl genes were described previously (4). Primers for HBB and murine
glycophorin A (GpA) are described in Basu et al. (3). Primers for Hbb-y gene and
HBEI, HBG, and HBB primary transcripts (pT) are from Tanabe et al. (38).

Flow cytometry. Cells were stained either with phycoerythrin (PE)-conjugated
anti-mouse Ter119 (clone TER-119; BD PharMingen) and fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse CD71 (clone C2; BD PharMingen) or
with allophycocyanin (APC)-conjugated anti-mouse Ter119 (clone TER-119; BD
PharMingen) and PE-conjugated anti-mouse CD71 (clone C2; BD PharMingen).
Peripheral blood erythroid cells were fixed and permeabilized as described pre-
viously (27), whereas fixation and permeabilization of FL and BM cells were
carried out using BD Cytofix/Cytoperm solution (BD Biosciences Pharmingen,
San Diego, CA). Subsequently, cells were incubated with PE-conjugated anti-
human hemoglobin B antibodies (clone 37-8; Santa Cruz Biotechnology, CA) or
FITC-conjugated anti-human hemoglobin vy antibodies (clone 0700-50; Fitzger-
ald Industries International Inc.) for 30 min at 4°C. Following washes with
phosphate-buffered saline (PBS) containing 1% fetal bovine serum, cells were
analyzed on a FACSCalibur flow cytometer (BD Biosciences, MD). The data
were evaluated using FlowJo, version 8.7.1 (TreeStar, OR).

For cell sorting experiments, FL and BM cells were incubated with PE-
conjugated anti-mouse Ter119 (clone TER-119; BD PharMingen) and FITC-
conjugated anti-mouse CD71 (clone C2; BD PharMingen). Ter119"igh CD71high
were selected using a BD Biosciences FACSAria cell sorter with DiVa, version
6.0, software at the University of Pennsylvania Flow Cytometry and Cell Sorting
core facility.

RESULTS AND DISCUSSION

Disrupting the FOG-1-NuRD interaction in transgenic mice
carrying the human f-globin locus. To examine the role of the
FOG-1/NuRD complex in human globin gene expression, we
bred the Fog1*/* animals with mice containing a single copy of
a stably integrated YAC comprising ~150 kb of the human
B-globin locus (hB-YAC), including the locus control region
(LCR), the globin genes, and more than 30 kb of 3’ flanking
sequences (strain A20.1 [31]). Some critical aspects of human
globin gene transcription are maintained in the context of
transgenic mice, including the switch from fetal to adult
B-globin synthesis, which occurs around embryonic day 12.5
(E12.5) (14, 31). Timed matings were performed between
compound Fogl1*/*/hB-YAC mice to generate Fogl*/*i/hp-
YAC, Fogl*/*/hB-YAC, and Fogl™*/hB-YAC mice. To
avoid potentially confounding effects that may arise due to
the presence of two copies of the hB-YAC transgene, only
offspring with a single copy were analyzed.

Disrupting the FOG-1/NuRD interaction fails to reactivate
human vy-globin expression in adult mice. Previous work sug-
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FIG. 1. Disruption of the FOG-1/NuRD interaction fails to reactivate human vy-globin genes in Fogl**/hp-YAC adult erythroblasts.
(A) Stage-matched Ter119™&" CD71"€" bone marrow cells were obtained by FACS with anti-CD71 and anti-Ter119 antibodies. The reduced
proportion of erythroid cells in Fog1*</hB-YAC animals is consistent with the anemic phenotype observed in Fog1®/¥ mice (28). (B) Human
globin mRNA levels were measured by real-time PCR in Ter119"&" CD71"" cells with the indicated genotypes. All samples were normalized to GpA.
HBGI and HBG2 mRNA levels are comparable in Fogl*/*/hB-YAC, Fogl*/*/hB-YAC, and Fog!*"*/hg-YAC mice. Note the decreased HBD levels
in Fog1""*/hB-YAC mice. Bars indicate standard errors of the means (n = 4). *, P < 0.05; ns, not significant. (C) Primary transcript levels of human
B-globin genes in Ter119"e" CD71"€" BM erythroblasts. Error bars represent standard errors of the means (n = 3 or 4). *, P < 0.05.

gested that loss of GATA-1 binding to a specific site upstream
of the HBGI or HBG2 (also called “y-globin and “v-globin,
respectively) promoters prevents y-globin silencing in defini-
tive erythroid cells in humans and transgenic mice (6, 17). To
examine the role of FOG-1 and NuRD in maintaining y-globin
repression in definitive erythroblasts, we measured mRNA lev-
els of the human B-like globin genes in bone marrow erythroid
cells from 6- to 8-week-old Fog1*"*/hp-YAC mice. To exclude
the possibility that any differences in gene expression between
Fogl1*/ and Fogl*’* mice are an indirect consequence of
altered erythroid differentiation (28), we compared maturation
stage-matched erythroid populations. Thus, bone marrow cells

were stained with anti-Ter119 and anti-CD71 antibodies (Fig.
1A) (35), and Ter119"&" CD71"e" cells were selected by FACS
(Fig. 1A). Cytological analyses confirmed that Fogl™'*,
Fogl1*/", and Fogl*/ Ter119"e" CD71"&" populations con-
tained similar proportions of basophilic erythroblasts (>90%,
as distinguished by cell size and nuclear/cytoplasmic ratio)
(data not shown). mRNA was extracted from sorted cells and
analyzed by quantitative real-time RT-PCR for expression of
the human HBE1, HBG1, HBG2, HBD, and HBB genes (Fig.
1B). mRNA levels were normalized to those of Glycophorin A
(GpA). Similar results were obtained when levels were normal-
ized against B-actin or gapdh (data not shown). Notably,
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FIG. 2. y-Globin and B-globin protein levels in bone marrow erythroblasts and in mature peripheral red blood cells. (A to C) FACS analysis
of bone marrow erythroblasts with antibodies against Ter119, CD71, and human y-globin (hy-globin) (A) or human B-globin (hp-globin) (B).
Ter119"e" CD71Me" erythroid cells lacking the hB-YAC served as a negative control (red). Note that neither Fogl*/*/hB-YAC nor Fog1*//hg-
YAC erythroblasts express y-globin. (C) Similar proportions of Fogl*/*/hB-YAC, Fog1*/hg-YAC, and Fog1*"X/h3-YAC erythroblasts express
human B-globin (left panel). The MFI levels are comparable between the three groups (right panel). Error bars represent standard errors of the
means (n = 4). (D to F) Peripheral blood cells were collected from 6- to 8-week old mice. Human +y-globin (D) and B-globin (E and F) expression
was evaluated in Ter119"&" CD71"° mature red blood cells. Human B-globin expression is comparable among the three groups both in terms of
percentage of expressing cells and staining intensities (MFI). y-Globin was undetectable (D). Red blood cells lacking the h3-YAC served as a
control. Results are averages of four to seven independent experiments. Bars indicate standard errors of the means.
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FIG. 3. Human hemoglobin switching is independent of the FOG-1/NuRD interaction. (A) mRNA levels of human B-like globin genes in
stage-matched Fogl*/*/hB-YAC, Fogl*"*/hp-YAC, and Fogl*"*/hp-YAC E12.5 and E14.5 fetal liver erythroid cells as determined by real-time
RT-PCR. Results were normalized to GpA. Silencing of HBE1, HBGI1, and HBG?2 is unaffected in E14.5 Fogl*""/h3-YAC embryos. HBD
expression is significantly reduced in both E12.5 Fog1®/*/hp-YAC and Fogl*/*/hB-YAC and E14.5 Fogl*"“/h-YAC fetal livers. Error bars
represent standard errors of the means (E12.5,n = 5to 9; E14.5,n = 3 to 5). *, P < 0.05. (B) Primary transcripts of indicated human globin genes
in maturation stage-matched Ter119"&" CD71"¢" erythroblasts from E12.5 and E14.5 fetal livers as measured by real-time RT-PCR. Results were
normalized to GpA. Note the reduction of HBB primary transcript in E12.5 Fog1</</hB-YAC fetal livers. Error bars represent standard errors of

the means (E12.5,n = 5 to 9; E14.5, n = 4 to 11).%, P < 0.05.

Fog1*//hB-YAC cells expressed markedly reduced amounts
of HBD (6-fold) and also tended to express lower HBB levels
than Fogl1*/*/hB-YAC or Fogl™"/hB-YAC erythroid cells
(Fig. 1B). These findings are in agreement with a role for
FOG-1 and NuRD in activating murine adult globin genes (28)
(see Fig. 7A). Importantly, Fogl*"*/hp-YAC erythroid cells
did not express elevated levels of HBGI or HBG?2 (Fig. 1B).
Instead, there was a trend toward lower HBGI and HBG2
expression than in Fog1*/*/hp-YAC or Fogl /*/hp-YAC ery-
throid cells (Fig. 1B), thus indicating that the physical interac-
tion between FOG-1 and NuRD is not required for silencing
human fetal globin genes in adult mice. Similar results were

obtained with 7- and 12-month-old Fogl*’*/hp-YAC and
Fog1"//hB-YAC animals (data not shown).

Elevated y-globin gene transcription does not always result
in a corresponding accumulation of mature +y-globin tran-
scripts, suggesting that posttranscriptional mechanisms can
regulate y-globin mRNA accumulation (5). To rule out the
possibility that the FOG-1 triple mutation exerts secondary
effects on mRNA processing or stability, we measured the levels
of primary transcripts as they reflect more accurately the rate of
transcription. No significant differences between the amounts
of human HBG globin primary transcripts were observed be-
tween Fogl*/*/hB-YAC and Fogl*"*/h-YAC cells (Fig. 1C).
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Moreover, no statistically significant changes of HBB primary
transcripts were found in Fogl*//h-YAC cells (Fig. 1C).
These results further corroborate that disruption of the FOG-
1/NuRD interaction does not lead to reactivation of human
v-globin gene transcription.

To confirm the globin gene expression studies at the protein
level, we stained stage-matched Ter119"&" CD71"e" bone
marrow erythroid precursors with anti-human y-globin or anti-
human B-globin antibodies. Of note, no y-globin expression
was detectable in either Fogl*/*/hp-YAC or Fogl*/ki/hp-
YAC erythroid cells (Fig. 2A), further confirming that the
FOG-1 mutation does not lead to sustained y-globin produc-
tion. hB-YAC-containing E12.5 fetal liver erythroblasts served
as positive controls for the y-globin antibodies (see Fig. 4A).
Moreover, no statistically significant changes were found in the
proportion of human B-globin-positive cells from Fog1*/</hp-
YAC and Fog1*/*/hB-YAC mice (Fig. 2B and C). In addition,
the B-globin mean fluorescence intensity (MFI) was un-
changed in cells from Fogl*"* mice, reflecting no notable
changes in the amounts of B-globin protein per cell (Fig. 2B
and C). Finally, no differences in vy- or B-globin protein levels
were found in mature Ter119"&" CD71"°¢ red cells from pe-
ripheral blood (Fig. 2D, E, and I).

Since GATA-1 has been implicated in the repression of

HBE]I expression (32), we examined whether FOG-1 via
NuRD contributes to this process. We found that both mature
and primary HBE] transcript levels in bone marrow erythroid
cells from Fogl*/X/hp-YAC mice were low and essentially
unchanged from those with wild type FOG-1 (Fig. 1B and C).

In summary, our measurements of protein, mRNA, and pri-
mary transcripts revealed no increase in y-globin expression in
Fog1*/%/hB-YAC erythroid cells. This indicates that the FOG-
1/NuRD interaction is dispensable for +y-globin silencing in
definitive erythroid precursors. However, this interaction ap-
pears to be required for the full activation of HBD and HBB
transcription.

Human hemoglobin switching occurs independently of the
FOG-1/NuRD interaction. Fog1*"*/h3-YAC mice do not dis-
play elevated y-globin levels throughout adult life. However, in
light of the multitude of factors involved in hemoglobin switch-
ing and the potential redundancy among them, we considered
the possibility that the differences in +y-globin silencing be-
tween Fogl ™/ */hB-YAC and Fogl1*/*/hB-YAC mice might be
revealed only by analyzing the rate of y-globin silencing.

In hp-YAC-containing mice, human vy-globin gene expres-
sion is robustly downregulated at E12.5, at which time the
adult HBB expression becomes highly active. At E14.5, HBB is
the predominant human globin gene expressed (14, 31). To
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investigate if disruption of FOG-1/NuRD interaction causes a
delay in human globin switching, we examined red blood cells
from Fogl1®//hB-YAC fetal livers at distinct stages of devel-
opment, including E12.5 and E14.5.

As the maturation of fetal liver erythroid cells is delayed in
Fog1*/ mice (28), we analyzed human globin mRNA levels in
stage-matched erythroid cells based on their Ter119/CD71
profiles as described above for bone marrow erythroid cells.
Morphological evaluation of FACS-analyzed cells confirmed
the homogeneity and similarity of the Ter119™&® CD71Me"-
gated Fogl™"/hB-YAC, Fogl*/*/hB-YAC, and Fogl*/</hp-
YAC populations (data not shown). We also considered that
E12.5 and E14.5 fetal livers may contain primitive cells (19,
25), which express higher levels of human transgenic fetal
globins than definitive cells (34). Therefore, we carefully de-
termined the frequency of primitive cells in the Fogl ™ */hp-
YAC, Fogl*/*/hp-YAC, and Fogl*"*/hpB-YAC sorted fetal
liver preparations. Only samples with similarly low proportions

of primitive cells (<10%, as determined by cell size and nu-
clear/cytoplasmic ratio) (data not shown) were analyzed.

The human globin gene expression pattern was evaluated by
real time RT-PCR, as described above for bone marrow eryth-
roblasts. Ter119™&" CD71"e" cells from Fogl™/*/hp-YAC,
Fogl*®*/h-YAC, and Fogl®*/hB-YAC embryos displayed
similar levels of human embryonic and fetal globin transcripts
(Fig. 3A, HBEI1, HBG1, and HBG?2) at E12.5 and E14.5, re-
spectively. Notably, the HBEI, HBG1, and HBG?2 levels de-
creased upon progression from embryonic day 12.5 to 14.5 in
mice of all three genotypes (Fig. 3A). Moreover, the amounts
of primary transcripts from embryonic and fetal globin genes
correlated well with those of the corresponding mature mRNA
levels (Fig. 3B). Together, these results indicate that embry-
onic and fetal globin genes can be silenced independently of
the GATA-1/FOG-1/NuRD axis. In addition, the HBB gene
was effectively activated at E12.5 and represented the predom-
inantly transcribed human B-like globin gene at El14.5 in
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Fogl ™ */hB-YAC, Fogl**/hB-YAC, and Fogl*/hp-YAC
erythroblasts (Fig. 3A). As observed in adult mice, HBD
mRNA levels were significantly reduced in Fogl*"*/hg-YAC
and Fog1*/*/hB-YAC E12.5 fetal livers compared to cells with
wild-type FOG-1 (5.6- and 5.9-fold, respectively) and in E14.5
erythroid Fog1*"*/h-YAC cells (2.6-fold) (Fig. 3A). The re-
duced HBD expression in E12.5 fetal livers from mice het-
erozygous for the FOG-1 mutations was surprising. However,
we found that several hematological parameters were altered
in Fogl*"" mice (28), suggesting that some genes require the
full dose of FOG-1 and NuRD for maximal transcription. Also
of note, E12.5 Fogl*/“/hB-YAC erythroblasts displayed an
~50% decrease of HBB primary transcripts, a change that was
not detected when we measured mature HBB mRNAs (Fig.
3B). The reason for this discrepancy is unknown but might be
due to posttranscriptional regulation. The transient reduction
in primary HBB transcripts might reflect a delay in the onset of
HBB expression, implicating NuRD in the transcriptional ac-
tivation of this gene.

To bolster the results obtained from mRNA studies, we
analyzed y-globin protein levels in E12.5 and E14.5 Ter119"e"
CD71"e" cells using FACS analysis. Approximately 43% of

E12.5 erythroblasts from Fogl */*/hB-YAC embryos expressed
fetal hemoglobin (Fig. 4A and B). Essentially the same pro-
portion of fetal hemoglobin-positive cells was found in Fog1*Vxi/
hB-YAC-derived cells (Fig. 4A and B). Moreover, no substan-
tial differences in MFIs were found between cells from differ-
ent FOG-1 backgrounds (212 * 24 for Fogl*/* versus 190 *
18 for Fogl™* versus 249 = 15 for Fogl*®/*) (Fig. 4B). At
E14.5, both the fraction of y-globin-expressing cells as well as
the corresponding MFIs were reduced by 50% in all the mice
(Fig. 4B), confirming that disruption of NuRD binding does
not delay the silencing of y-globin genes.

We extended our FACS-based measurements of fetal hemo-
globin protein levels to peripheral red blood cells from E12.5
and E14.5 embryos. Primitive cells were distinguished from
definitive ones by forward scatter, as described previously (34)
(Fig. 5A). Quantitative RT-PCR analysis of globin gene ex-
pression and morphological evaluation of FACS-analyzed cells
confirmed the identity of the gated primitive and definitive
populations (data not shown). The fractions of primitive and
definitive cells expressing y-globin as well as the corresponding
MFIs were highly comparable among the three genotypes at
both E12.5 and E14.5 (Fig. 5B and C). Moreover, between
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E12.5 and E14.5, the MFIs decreased comparably, regardless
of genotype (Fig. 5C), thus further indicating that the FOG-1
mutations do not affect fetal globin gene silencing.

Using FACS, we also examined human B-globin protein
levels in fetal liver Ter119"" CD71"&" cells (Fig. 6A and B).
At E12.5, Fogl */*/hB-YAC, Fogl*"*/hB-YAC, and Fogl*"/
hB-YAC erythroblasts contained the same proportion of hu-
man B-globin-positive cells (20.85 *+ 3.94 for Fogl™'" versus
25.26 = 6.91 for Fogl*/" versus 23.08 = 2.49 for Fogl"/s)
(Fig. 6A and B). These proportions increased similarly by day
14.5 (Fig. 6A and B). In addition, similar MFIs of B-globin-
expressing cells were observed at E12.5 and E14.5 between all
embryos regardless of genotypes (Fig. 6B), thus demonstrating
that the human HBB gene can be activated in the absence of
FOG-1/NuRD interaction.

The FOG-1/NuRD interaction is dispensable for maintain-
ing repression of murine embryonic globin genes in definitive
erythroid cells. Mechanisms are in place that distinguish prim-
itive from definitive transcriptional programs. It has been re-

ported recently that the zinc finger transcription factor
BCL11A is essential for repressing murine embryonic globin
genes in definitive cells (34). Since BCL11A interacts with
FOG-1 and NuRD (33), the FOG/INuRD interaction might
play a role during BCL11A-mediated silencing of endogenous
embryonic globin genes.

To test this possibility, we measured the levels of murine
Hbb-y, Hbb-bh1, Hbb-b1, Hba-x, and Hba-al mRNAs in defin-
itive erythroid cells from the bone marrow. As observed in
Fog1*" mice (28), Hba-al and Hbb-b1 globin gene expression
was significantly reduced in Fog1®/*/hB-YAC cells (Fig. 7A).
However, Hbb-y and Hba-x mRNA levels were not affected by
the FOG-1 mutation (Fig. 7A), and Hbb-bhl mRNA was not
detectable in any of the samples (data not shown). These
results demonstrate that the FOG-1/NuRD interaction is dis-
pensable for repressing primitive 3-globin gene transcription
in definitive erythroid cells.

Furthermore, normal levels of murine Hbb-y, Hbb-b1, Hba-x,
and Hba-al transcripts were observed in both E12.5 and E14.5
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Fog1*/¥/hB-YAC embryos (Fig. 7B), thus indicating that the
FOG-1 mutations do not affect murine globin switching.

Overall, our data do not support a role of a GATA-1/FOG-
1/NuRD axis in the developmental silencing of human and
murine embryonic and fetal gene expression. Instead, NuRD is
required for the full expression of both human and murine
adult-type globin genes. Although the latter finding is surpris-
ing in light of NuRD’s typical function as a corepressor com-
plex, these results are consistent with previous work demon-
strating a direct role for NuRD during transcriptional
activation of select GATA-1/FOG-1 target genes (28).

GATA-1 has been proposed to directly function in the si-
lencing of human +y-globin expression. Support for this model
derived from ChIP experiments detecting GATA-1, FOG-1,
and Mi-2B near the HBGI —566 and HBG2 —567 GATA sites
at E18.5 of development when +y-globin is silenced (17). Our
experiments using a mouse model in which the FOG-1/NuRD
interaction is disrupted indicate that repression occurs inde-
pendently of the FOG-1/NuRD pathway. However, this does
not rule out a potential role of FOG-1 during y-globin silenc-
ing, which might occur via other FOG-1-binding partners. Fur-
thermore, it is possible that GATA-1 functions independently
of FOG-1 in the process. Currently, it is unknown whether
patients with a mutation in GATA-1 that impairs FOG-1 bind-
ing produce elevated levels of y-globin.

It is important to note that our studies do not exclude a
function for NuRD during the silencing of human +y-globin
expression that occurs independently of FOG-1. NuRD inter-
acts with diverse nuclear factors to regulate gene expression.
Prominent among these is BCL11A, which has recently been
implicated in the silencing of y-globin expression (7, 24, 33, 34,
41). BCL11A contains at its N terminus a NuRD-binding motif
that is identical to that found in FOG-1. Future studies aimed
at exploring a broader role of the NuRD complex in y-globin
gene repression might involve the disruption of the BCL11A/
NuRD interaction in vivo, similar to the experiments reported
here.
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