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Transcription factor USF is a ubiquitously expressed member of the helix-loop-helix family of proteins. It
binds with high affinity to E-box elements and, through interaction with coactivators, aids in the formation of
transcription complexes. Previous work demonstrated that USF regulates genes during erythroid differentia-
tion, including HoxB4 and (3-globin. Here, we show that the erythroid cell-specific expression of a dominant-
negative mutant of USF, A-USF, in transgenic mice reduces the expression of all 3-type globin genes and leads
to the diminished association of RNA polymerase II with locus control region element HS2 and with the
3-globin gene promoter. We further show that the expression of A-USF reduces the expression of several key
erythroid cell-specific transcription factors, including EKLF and Tal-1. We provide evidence demonstrating
that USF interacts with known regulatory DNA elements in the EKLF and Tal-1 gene loci in erythroid cells.
Furthermore, A-USF-expressing transgenic mice exhibit a defect in the formation of CD71" progenitor and
Ter-119" mature erythroid cells. In summary, the data demonstrate that USF regulates globin gene expression
indirectly by enhancing the expression of erythroid transcription factors and directly by mediating the

recruitment of transcription complexes to the globin gene locus.

The human B-globin gene locus consists of five genes that
are expressed in a developmental stage- and tissue-specific
manner in erythroid cells (37, 52). The high-level expression of
the B-like globin genes requires a locus control region (LCR),
which is located upstream of the globin genes (24). The LCR
is composed of many erythroid cell-specific DNase I-hypersen-
sitive (HS) sites (20, 55). These HS sites harbor clusters of
DNA binding motifs for ubiquitously expressed or tissue-re-
stricted transcription factors (25, 44). Among these factors are
erythroid kriippel-like factor (EKLF), GATA-1, NF-E2 (p45),
Tal-1, and USF. These proteins bind to specific sequences in
the LCR HS sites and recruit chromatin-modifying activities,
coactivators, or components of the basal transcription appara-
tus, including RNA polymerase II (RNA Pol II) (30). Most of
the proteins that interact with the LCR also associate with the
globin gene promoters in a developmental stage-specific man-
ner (39). Recent data suggest that the LCR-mediated activa-
tion of globin gene expression is associated with physical prox-
imity between the LCR and globin gene promoters, and that
highly expressed B-globin genes associate with transcription
factories in an LCR-dependent manner (7, 47). To gain better
insight into regulatory mechanisms, it is important to identify
proteins that recruit transcription complexes to the globin gene
locus or that mediate the association of the LCR and the
globin genes with RNA Pol II transcription factories.

USF is a ubiquitously expressed transcription factor that
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binds to DNA E-box motifs and has been associated with the
transcription of many cellular and viral genes (12). It belongs
to a family of transcription factors characterized by their basic
helix-loop-helix leucine zipper (PbHLH-LZ) DNA binding do-
mains (50). Currently, there are two known members of this
family: USF1 (44 kDa) and USF2 (43 kDa). The predominant
form of USF is a USF1/USF2 heterodimer, although ho-
modimers are known to exist in various degrees across cell
types (51). Interestingly, most genes activated by USF are
expressed at high levels in differentiated cells, including the
B-globin gene (12, 13). Previous studies have shown that USF
interacts with conserved E-box elements located in LCR ele-
ment HS2 as well as in the adult B-globin downstream pro-
moter region (5, 13, 17, 35). The expression of a dominant-
negative mutant form of USF, A-USF, in mouse
erythroleukemia cells leads to the inhibition of B,,,-globin
gene expression and a reduction in the recruitment of RNA
Pol II to LCR element HS2 and to the {,,,;-globin gene pro-
moter (13). A-USF contains the USF heterodimerization do-
main but lacks the USF-specific region, which is required for
transcriptional activation (41, 45). Additionally, the basic DNA
binding region has been mutated to contain an acidic extension,
which renders A-USF-containing heterodimers unable to bind
DNA (45). USF interacts with coactivators and histone mod-
ifiers in erythroid cells, suggesting that it functions through
chromatin remodeling and RNA Pol II recruitment (14, 26).
The genome-wide mapping of USF interaction sites in hepa-
tocytes revealed that it preferentially binds DNA in close prox-
imity to transcription start sites, supporting the hypothesis that
USF is involved in transcription complex recruitment (46).
However, USF also is known to function at chromatin barrier
elements (21, 58).
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In the present study, we demonstrate that the erythroid
cell-specific expression of A-USF in transgenic mice leads to a
decrease in both adult B,,,-globin gene expression and the
recruitment of RNA Pol II to the adult $,,,;-globin gene pro-
moter. The erythroid cell-specific expression of A-USF also
reduces the expression of other erythroid cell-specific genes in
the embryonic yolk sac, including embryonic globin genes,
Band3, EKLF, Tal-1, and NF-E2 (p45). Furthermore, we show
that USF associates with E-box-containing regulatory elements
in the EKLF and Tal-1 gene loci.

MATERIALS AND METHODS

Plasmid construction and generation of transgenic mice. The plasmid express-
ing dominant-negative USF under the control of erythroid cell-specific regula-
tory elements was created by digesting pITRp543f2betad4 with Ncol and Pmel,
which removed the B-globin gene, the 3’ enhancer, and the 3’ chicken HS4
insulator (29). The A-USF coding region was isolated from a pCMV/A-USF
plasmid provided by Charles Vinson (NIH) by digestion with NcoI and PmeT (13,
45). The two restriction fragments then were ligated, creating pITRp543f2A-
USF. The 3’ enhancer and 3’ chicken HS4 elements were amplified using
pITRp543f2beta4 as the template with primers containing Pmel sites and were
cloned into the pTOPO vector (Invitrogen). The pTOPO/3’ enhancer, 3’ chicken
HS4, and pITRp543f2A-USF subsequently were digested with Pmel, and the
appropriate fragments were isolated and ligated to form the vector
pITRp543f2A-USF4. The inserts of the plasmid were sequenced to verify that no
mutations were introduced. The plasmid pITRp543f2A-USF4 was linearized and
purified through agarose gel electrophoresis followed by DNA extraction from
gel slices using a QIAquick gel extraction kit (Qiagen) per the manufacturer’s
protocol. The linearized plasmid DNA was resuspended in injection buffer at a
concentration of 2 ng/pl and injected into fertilized murine oocytes as described
by Bungert et al. (6). DNA was prepared from tail clips of the offspring by
overnight digestion in DNA lysis buffer containing proteinase K and was purified
by a series of one phenol, one phenol-chloroform-isoamyl alcohol, and one
chloroform-isoamyl alcohol extraction. The presence of the A-USF expression
construct in transgenic mice was determined by PCR.

Cell culture. Murine erythroleukemia (MEL) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
and 5% penicillin-streptomycin. Cells were grown in 5% CO, at 37°C and
maintained at a density between 1 X 10° and 2 X 10° cells/ml. The induction of
the erythroid differentiation of MEL cells was achieved by incubating cells in
medium containing 1.5% dimethylsulfoxide (DMSO) for 72 h.

RNA isolation and analysis. RNA was isolated using the guanidinium-thiocy-
anate method as described previously and reverse transcribed using the iScript
c¢DNA synthesis kit (Bio-Rad) (6, 11). RNA was subjected to analysis by quan-
titative real-time reverse transcription PCR (qQRT-PCR) or reverse transcription
PCR (RT-PCR) using the MyiQ (Bio-Rad) system, and reactions were carried
out using the iQ SYBR green super mix (Bio-Rad). qRT-PCR conditions were
the following: 95°C for 5 min, followed by 40 cycles of 94°C for 30 s, 59°C for 30,
and 72°C for 1 min (readings were taken after every cycle). A melting curve was
performed from 60 to 95°C (readings every 0.5°C). Standard curves were gen-
erated using 10-fold serial dilutions of wild-type cDNA from the appropriate
source. Final quantification analysis was performed using the relative standard
curve method. Gene expression analysis was as described previously, with results
reported as expression relative to wild-type levels after the normalization of the
transcript data to those of a control gene, GAPDH (13, 14). Primers for ampli-
fying murine B,,,,;-globin, murine B-actin, and murine GAPDH have been de-
scribed previously (13). RNA from wild-type and transgenic mice was isolated
from embryonic yolk sac, fetal liver, or the spleen of phenylhydrazine-treated ane-
mic mice as described in Bungert et al. (6). Primers for the murine B,,,;-globin
gene and murine LCR element HS2 used to amplify cDNA in qRT-PCR analyses
were as described in Crusselle-Davis et al. (13). In addition, the following prim-
ers were used to amplify cDNA: mouse Hba al, 5'-CCTGGGGGAAGATTG
GTG-3' (upstream [US]) and 5'-GCCGTGGCTTACATCAAAGT-3' (down-
stream [DS]); mouse By 5'-TGAGCTCCACTGTGACAAGC-3' (US) and
5'-TACTTGTGAGCCAGGGCAGT-3' (DS); mouse HoxB4, 5'-TGGATGCG
CAAAGTTCACG-3' (US) and 5'-GGTCTTTTTTCCACTTCATGCG-3' (DS);
mouse USF1, 5'-GATGAGAAACGGAGGGCTCAACATA-3' (US) and 5'-T
TAGTTGCTGTCATTCTTGATGACG-3" (DS); mouse p45, 5'-TCAGCAGA
ACAGGAACAGGT-3’ (US) and 5'-GCTTTGACACTGGTATAGCT-3' (DS);
and mouse Tal-1, 5'-TAGCCTTAGCCAGCCGCTCG-3' (US) and 5'-GCGGA
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GGATCTCATTCTTGC-3’ (DS). Primers for mouse GATA-1 and EKLF anal-
ysis were described by Tanabe et al., primers for mouse By, were described by
Basu et al., and primers for mouse Band3 were described by Nilson et al. (4,
42, 54).

ChIP and pChIP. Conventional chromatin immunoprecipitation (ChIP) as-
says were performed as described previously (13, 35). Spleens from anemic mice
were homogenized, and cell suspensions were subjected to ChIP analysis. The
following antibodies were used in this study: USF1, USF2 (H-86 and N-18,
respectively; Santa Cruz Biotechnology), and RNA Pol II (CTD45HS; Upstate
Biotechnology, Inc.). In addition, for the yolk sac samples, MicroChIP (wChIP)
was used according to a previous protocol with minor modifications (15, 16).
Antibody-bead complexes were prepared using Dynabeads Protein A beads
(Invitrogen). Embryonic yolk sacs were cross-linked with 1% formaldehyde in
500 wl phosphate-buffered saline (PBS) and quenched with 125 mM glycine.
Prior to sonication, yolk sacs were homogenized using a glass tissue grinder
(Radnoti) and washed with PBS. Sonication conditions were optimized to yield
fragments of ~500 bp, and sonication products were diluted 10-fold. Sonicated
chromatin was incubated with various antibody-bead complexes, and after a
series of washes, DNA was purified using a QIAprep Spin Miniprep kit (Qiagen).
Quantitative real-time PCR (q-PCR) conditions were the following: 95°C for 5
min, followed by 40 cycles of 94°C for 30 s, 59°C for 20 s, and 72°C for 30 s. A
melting curve was performed from 60 to 95°C (reading every 0.5°C). Negative
control experiments were performed using (i) immunoglobulin G (IgG) antibod-
ies and (ii) primers amplifying a region between LCR elements HS2 and HS3
that does not interact with USF and Pol II (14, 57 and data not shown). Standard
curves were generated using 10-fold serial dilutions of the input DNA. Final
quantification analysis was performed using the relative standard curve method.
ChIP primers used for amplifying murine LCR element HS2 and the murine
Bmaj-globin promoter have been described previously (13). In addition, the fol-
lowing primers were used: mouse GATA-1 promoter, 5'-AGCCTCTGCTTGA
AATGCTC-3" (US) and 5'-CCTTTGGCTTCTGTGGAGTC-3' (DS); mouse
Tal-1 promoter, 5'-CAGATCCGTTAGAGGGTTCG-3" (US) and 5'-CTGGG
AATTACCTCGTGTGC-3' (DS); mouse NF-E2 (p45) promoter, 5'-GCAGAC
ACAGTGAGCACTCC-3" (US) and 5'-GAGGGTCCTTAGGTGGGAGA-3’
(DS); and mouse Necdin promoter, 5'-TTTACATAAGCCTAGTGGTACCCT
CC-3' (US) and 5'-ATCGCTGTCCTGCATCTCACAGTCG-3’ (DS). Primers
for the mouse EKLF gene promoter were described by Vakoc et al. (56).

Protein isolation and Western blotting. Proteins were isolated and analyzed by
Western blotting as described by Leach et al. (35). A total of 20 pg was loaded
onto 7.5% Ready Gel (Bio-Rad). After transfer, proteins were detected using the
ECL plus system (Amersham Pharmacia). Primary antibodies for USF1 and
USF?2 are the same as those used in the ChIP assays.

FACS analysis. Cells obtained from yolk sac of transgenic and wild-type
murine male embryos at 10.5 days postcoitum (dpc), as determined by Y chro-
mosome-specific PCR, were subjected to fluorescence-activated cell sorting
(FACS) analysis using antibodies against fluorescein isothiocyanate CD71 (BD
Biosciences) and phycoeryrthrin-Cy7 Ter-119 (eBioscience). Cells were homog-
enized in PBS containing 2% FBS using a glass tissue grinder (Radnoti), passed
through a 70-pm cell strainer, and incubated on ice with antibodies for 30 min.
After a series of washes to remove unbound antibodies, cells were subjected to
FACS using a BD LSRII system. Ter-119" yolk sac cells collected for RNA
extraction were homogenized with collagenase in PBS containing 20% FBS. Y
chromosome primers used for identifying male embryos were described by Kuni-
eda et al. (33). CD71" cells represent early erythroid progenitor cells, while
Ter-119* cells represent more mature erythroid cells (40).

RESULTS

We previously demonstrated that USF activates the expres-
sion of the adult B-globin gene in erythroid cell lines, while a
dominant-negative mutant of USF (A-USF) inhibits expres-
sion (13). Targeted deletions of either the USF1 or USF2
coding region in mice do not result in obvious hematopoietic
defects, suggesting that USF1 and USF2 are able to partially
compensate for each other during mouse embryonic develop-
ment (8). This is supported by the observation that the com-
pound homozygous mutations lead to early embryonic lethality
(8). We thus hypothesized that the expression of A-USF ex-
clusively or preferentially in erythroid cells interferes with the
function of both USF1 and USF2 without affecting vital func-
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FIG. 1. Generation and analysis of mice expressing A-USF. (A) DNA construct pITRp543f2A-USF4 used to generate transgenic mice
expressing dominant-negative USF (A-USF). The A-USF coding region is under the control of the human B-globin gene promoter (8-P) and 3’
enhancer (3’E) as well as human LCR elements HS2 and HS3 plus flanking DNA. The DNA construct is flanked on either site by insulator
elements derived from the chicken B-globin gene locus (cHS4). (B) SYBR green stain of the RT-PCR analysis of A-USF expression in transgenic
(founders I and III and line II F, littermates 1 to 3 [II/1 to 1I/3]) and wild-type (WT) mice. RNA was isolated from the spleens of phenylhydrazine-
treated mice, reverse transcribed, subjected to PCR analysis with primers specific to the A-USF coding region, and electrophoresed in 5%
Tris-borate-EDTA polyacrylamide gels. (C) Western blot analysis of A-USF expression in transgenic or wild-type mice. Protein was isolated from
the spleen or liver of phenylhydrazine-treated mice and subjected to Western blot analysis using an antibody against USF1, which also detects
A-USF. (D) qRT-PCR analysis of B,,,;-globin gene expression in spleens of A-USF transgenic line IT F, littermates, A-USF founder mouse I, and
wild-type mice. Data from the three line II F, littermates were combined and are designated 11/1/2/3. GAPDH was used as a loading control, and
results from samples were normalized to those of the wild type. (E) ChIP analysis of RNA Pol I and USF2 interactions with the f,,,,-globin gene
promoter control mice (WT) and transgenic mice (A-USF). Spleens taken from two phenylhydrazine-treated F, females (derived from line II) or
wild-type mice were homogenized and subjected to ChIP analysis using antibodies against IgG, RNA Pol II, or USF2. Error bars reflect standard

deviations from two independent experiments.

tions of these proteins in other tissues and organs. A-USF
contains the USF-specific dimerization domain and sufficiently
inhibits the function of both USF1 and USF2 (45). As shown in
Fig. 1A, the A-USF coding region is under the control of
human B-globin LCR elements HS2 and HS3, the human
B-globin promoter, and the human B-globin downstream en-
hancer element. The expression cassette also is flanked by two
copies of the chicken HS4 insulator sequence to protect the
transgene from position effects (Fig. 1A). We previously dem-
onstrated that this construct is able to express a -globin gene
at high levels at various integration sites in transgenic mice,
including a region close to the centromere (29). However, it
should be noted that the construct may be subject to autoreg-
ulation by A-USF itself because it contains two USF recogni-
tion sites: one in HS2 and one in the B-globin promoter. This
also may limit the potential deleterious effect of expressing the
dominant-negative mutant.

Three transgenic founders were generated with this con-
struct (founders I, II, and III), although two of these founders
did not transmit the transgene (founders I and III). A-USF was
expressed in the spleen of all transgenic mice but not in the
liver (Fig. 1B and C and data not shown). The analysis of
A-USF in the spleen of three F, females from founder II
revealed that the expression of A-USF varied between litter-
mates (Fig. 1B and C). The founder of line II is male, and we
failed to obtain transgenic male offspring; we thus reason that

the transgene integrated into the X chromosome and that the
expression of A-USF in all erythroid cells is not compatible
with survival. Females showed a somewhat variegated pheno-
type, likely because of differences in the silencing of the trans-
gene on the X chromosome.

To analyze the effect of expressing A-USF on B,,,,;-globin
gene expression, we treated transgenic (founder I and three F,
females from founder II) and four control wild-type (WT)
littermates with phenylhydrazine, which induces hemolytic
anemia and increases the number of nucleated red blood cells
in the spleen. We found that B,,,-globin gene expression was
reduced by 50% in the nontransmitting transgenic mouse
(founder I) compared to expression in a wild-type control
mouse (Fig. 1D). The expression of A-USF in the spleen of
phenylhydrazine-treated F; animals from the transmitting line
varied (Fig. 1B), and it resulted in a two- to fivefold decrease
in B,,,-globin gene expression in three transgenic littermates
(line II samples 1 to 3) (Fig. 1D) compared to that of three
wild-type littermates. Five transgenic female mice but none of
the wild-type mice died as a result of the phenylhydrazine
treatment, indicating a possible defect in erythropoiesis. Con-
sistently with this observation is the fact that 4-week-old trans-
genic female mice weighed 2 to 3 g less than wild-type litter-
mates (23 = 1 and 26 = 1 g, respectively).

The results shown in Fig. 1 demonstrate that USF is re-
quired for the high-level expression of the adult B,,,-globin
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FIG. 2. Analysis of transgenic mouse embryos at different stages of development. Male embryos were isolated at the indicated time points of
development from A-USF transgenic females (F, females from line II) mated with wild-type (WT) males. Embryos were placed in a culture dish
with PBS either in the presence or absence of the yolk sac (YS) and photographed using a Leica MZ16F4 instrument and the Qcapture program.
Embryos were genotyped for sex and determined to be wild-type or transgenic (A-USF).

gene. We also observed a reduction in a-globin gene expres-
sion that was comparable to a reduction in B,,,-globin (data
not shown). The expression of A-USF does not globally affect
gene expression; we did not observe a change in B-actin or
GAPDH gene expression (data not shown). We next analyzed
the recruitment of RNA Pol II at the murine B,,,-globin gene
in mice expressing or not expressing A-USF (Fig. 1E). The
expression of A-USF in erythroid cells led to a reduction in
USF2 and Pol II binding to the f,,,;-globin promoter. The
recruitment of RNA Pol II to the control B-actin gene was not
affected in A-USF-expressing mice (data not shown).

Because we were unable to obtain transgenic males, we
examined embryos at different stages of development. At 14.5
dpc, the fetal liver is the major site of erythropoiesis. In two
different litters at 14.5 dpc, which were obtained by mating a
transgenic female (line II) with a wild-type male, we detected
several reabsorbed and pale embryos. Genotyping with primers
specific for the A-USF transgenic construct and for the Y
chromosome revealed that the reabsorbed embryos were trans-
genic males (data not shown). We next examined embryos at
earlier stages: 10.5, 11.5, and 12.5 dpc. At 10.5 and 11.5 dpc, all
embryos appeared to be alive and normally developed; how-
ever, several of the embryos were pale, and these were iden-
tified by PCR as transgenic males (Fig. 2). At day 12.5, the
male transgenic embryos ceased to develop further, demon-
strating that the male transgenic embryos did not survive be-
yond 11.5 dpc.

We next examined the expression of globin genes in 10.5-
and 11.5-dpc embryos. The expression of A-USF caused a
reduction in the expression of all globin genes compared to
that of wild-type littermates (Fig. 3A). In 10.5-dpc yolk sac

samples, the expression of the embryonic ey and By, genes as
well as that of the Hba a1- and B,,,;,-globin genes was reduced
5- to 10-fold, and in 11.5-dpc fetal liver samples there was a 5-
to 10-fold reduction in the expression of the adult ,,,,;-globin
gene. We also examined the effect of A-USF on the expression
of other erythroid cell-specific genes, including those encoding
transcription factors regulating erythropoiesis, like GATA-1,
EKLF, Tal-1, NF-E2 (p45), and HoxB4 (Fig. 3B). HoxB4, a
homeobox transcription factor expressed in primitive hemato-
poietic stem cells, previously has been shown to be regulated
by USF in K562 cells (22). We found that the expression of
HoxB4 and GATA-1 is reduced by only about twofold in the
yolk sac of transgenic males. In contrast, the expression of
transcription factors EKLF, Tal-1, and NF-E2 (p45) was re-
duced by 5- to 10-fold, suggesting that USF is required for the
expression of these genes during primitive erythropoiesis. The
expression of another well-characterized erythroid cell-specific
gene, Band3, also was reduced by more than fivefold in the
transgenic yolk sac samples. The expression of A-USF did not
affect the transcription of USF1 or USF2 (Fig. 3A and B and
data not shown) or that of the housekeeping genes GAPDH
and B-actin (data not shown).

To exclude the possibility that the phenotype we observed in
the male transgenic embryos is due to the integration of the
transgene and the consequent disruption of a specific cellular
function, we generated and analyzed two transient transgenic
embryos at 10.5 dpc. Both embryos appeared pale, expressed
A-USF as measured by RT-PCR (Fig. 4A), and revealed re-
ductions in the expression of a- and B-globin genes as well as
that of EKLF and Band3 (Fig. 4B). The expression of USF1
was not affected in these mice. The data demonstrate that the
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FIG. 3. Effects of A-USF expression on the expression of erythroid genes and erythroid cell-specific transcription factors. RNA was extracted
from 10.5- or 11.5-dpc embryos, reverse transcribed, and subjected to qRT-PCR performed in triplicate. (A) qRT-PCR analysis of ey-globin,
Bri-globin, B,,;,-globin, Hba a1, USF1 (left; 10.5 dpc), and B,,,;-globin (right; 11.5 dpc) gene expression in A-USF transgenic (TG II/1 to 11/4)
and wild-type (WT 1 to 4) mouse embryos. Two sets of four embryos, each containing two TG and two WT animals, were examined. GAPDH was
used as an internal control, and sample data were normalized to those for a respective WT littermate. Data are represented as means * standard
errors of the means of at least three PCRs on each sample. (B) qRT-PCR analysis of EKLF, GATA-1, Tal-1, p45, Band3, HoxB4, and USF1 gene
expression in the yolk sac of the transgenic (TG I1I/1 and 11/2) and wild-type (WT 1 and 2) 10.5-dpc embryos examined in panel A (left). Data are

presented as described for panel A.

expression of A-USF in erythroid cells of transgenic mice leads
to consistent defects in erythropoiesis in multiple independent
transgenic embryos. Therefore, the erythroid phenotype ob-
served in the transmitting line (line II) is unlikely to be due to
the disruption of gene expression patterns at the site of trans-
gene integration.

To verify that the expression of A-USF affects the binding of
USF in transgenic embryos, we examined the binding of USF1
to LCR element HS2 in yolk sac samples taken from 10.5-dpc
transgenic embryos (line IT) and wild-type litter mates using
the wChIP assay, which allows the detection of protein-chro-
matin interactions with a small number of cells. The binding of
USF1 to the LCR was reduced in transgenic embryos com-

pared to that of wild-type littermates (Fig. SA). The interaction
of RNA Pol IT with LCR element HS2 also was reduced in
10.5-dpc yolk sac samples from transgenic mice compared to
that of littermates (Fig. 5B), whereas there was no change in
the association of RNA Pol II with the GAPDH gene between
wild-type and transgenic embryos (Fig. 5B).

Because EKLF, Tal-1, and NF-E2 (p45) failed to be ex-
pressed at high levels in the hematopoietic tissue of transgenic
mice, we examined the possibility that USF directly regulates
these genes. We performed ChIP to examine the interaction of
USF with the gene loci encoding these transcription factors
during the differentiation of murine erythroleukemia (MEL)
cells. One of the multiple DNA regulatory elements in the
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FIG. 4. Generation and analysis of transient transgenic mouse embryos expressing A-USF. Fertilized oocytes were injected with the A-USF
expression construct and implanted into the uterus of a pseudopregnant foster mother. Embryos (11.5 dpc) were isolated and subjected to DNA
(embryo) and RNA (yolk sac) extraction. (A) cDNA from the embryos was analyzed by RT-PCR using primers specific for the A-USF transgene
to verify A-USF expression. All four embryos, two transgenic (TG IV and TG V) and two wild-type (WT 7 and WT 8) embryos, were taken from
the same litter. (B) RNA was subjected to qRT-PCR performed in triplicate for the analysis of ey-globin, B;;-globin, B, ;,-globin, Hba a1, EKLF,
Band3, and USF1 gene expression. Data were analyzed and are represented as described in the legend to Fig. 3A.

EKLF gene locus contains an E-box, which previously has been previous data concerning E-box elements regulating the
shown to interact with Tal-1 (1, 2). Both subunits of USF GATA-1 gene. We failed to detect significant interactions
associated with the E-box-containing regulatory region of the of USF1 with the NF-E2 (p45) gene; however, the recovery of
EKLF gene in MEL cells (Fig. 6A). We also observed inter- USF2-precipitated p45 gene fragments was higher than that of
actions of USF with the Tal-1 gene locus, which also contains the IgG control. The data suggest that the Tal-1 and EKLF
an E-box motif in a regulatory element. Interestingly, the in- genes are direct targets of both USF1 and USF2 in differen-
teraction of USF with the Tal-1 gene decreased during DMSO- tiating erythroid cells. There was no significant binding of USF
induced MEL cell differentiation. USF binding also was de- to the control Necdin gene, which is not expressed in erythroid
tectable at the GATA-1 gene locus (Fig. 6A). There are no cells (Fig. 6A). We confirmed the interactions of USF2 with
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FIG. 5. pChIP analysis of RNA Pol IT and USF1 association with LCR element HS2 and the GAPDH gene in the yolk sac of wild-type and
A-USF transgenic embryos. Embryos (10.5 dpc) were taken from an A-USF transgenic female (mated to a wild-type male). Yolk sacs were isolated
and subjected to wChIP analysis. (A) wChIP was performed with antibodies against negative control IgG and USF1. DNA was analyzed by gPCR
using primers specific for LCR element HS2 as well as for the control GAPDH gene, as indicated. (B) wChIP was performed with antibodies
against the negative control IgG and RNA Pol II. The DNA was analyzed by qPCR using primers specific for LCR element HS2 as well as for
the control GAPDH gene, as indicated. Data were normalized to those for IgG and are represented as means = standard errors of the means of
three independent wChIP experiments with qPCRs performed in triplicate.
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FIG. 6. Interaction of USF with regulatory elements of genes encoding hematopoietic-specific transcription factors. ChIP analysis of the
interaction of USF1 and USF2 with regulatory elements of the EKLF, GATA-1, Tal-1, and NF-E2 (p45) genes as well as with the Necdin promoter
serving as a negative control. (A) The diagrams at the top indicate the position of E-boxes with respect to the transcription start site of each
individual gene, with arrows indicating the location of primers used to amplify each region. ChIP was performed on uninduced or induced MEL
cells. Cells were induced to differentiate for 3 days in the presence of 1.5% DMSO. Uninduced and induced cells were incubated with 1%
formaldehyde. After being quenched with 125 mM glycine, the cells were lysed and chromatin was fragmented by sonication prior to precipitation
with antibodies specific for IgG, USF1, or USF2. The isolated DNA was analyzed by qPCR with primers specific for the EKLF, GATA-1, Tal-1,
NF-E2 (p45), and Necdin gene promoters, as indicated. Results are represented as means =+ standard errors of the means of three independent
experiments, with each PCR performed in duplicate. (B) ChIP performed on 16.5-dpc liver cells, examining the interaction of USF2 with the
regions examined in panel A. Results are represented as means * standard errors of the means of two independent experiments with PCRs

performed in duplicate.

the erythroid cell-specific gene loci in primary erythroid cells
taken from 16.5-dpc mouse fetal liver samples (Fig. 6B). The
ChIP results demonstrated that USF2 interacts with the
EKLF, GATA-1, and Tal-1 gene loci but not with the Necdin
gene locus. We observed a reproducible interaction of USF2
with the NF-E2 (p45) gene locus in fetal liver cells.

We next examined the possibility that the expression of

A-USF in erythroid cells impairs their differentiation potential.
We began these studies by examining 10.5-dpc yolk sac cells
from transgenic embryos and wild-type littermates for the ex-
pression of the transferrin receptor CD71, which is expressed
at high levels in developing erythroid cells and serves as a
marker for erythroid progenitors (40). The CD71-mediated
sorting of yolk sac cells revealed that the number of CD71"
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FIG. 7. Transgenic (TG) A-USF embryos reveal a reduction in the
number of CD71-positive and Ter-119-positive erythroid cells. Yolk
sac cells from 10.5-dpc male embryos were isolated and subjected to
flow cytometry against CD71 or Ter-119. Hatched areas indicate un-
stained yolk sac cells analyzed separately. Solid lines represent the
analysis of cells from A-USF-expressing transgenic embryos, while
gray-shaded areas represent cells from wild-type embryos. (A) FACS
analysis using antibodies against CD71. (B) Number of CD71-positive
cells in the 10.5-dpc yolk sac of wild-type (WT) and A-USF-expressing
(A-USF) embryos. (C) FACS analysis using antibodies against Ter-
119. (D) By -globin gene expression in Ter-119* embryonic yolk sac
cells. Yolk sac cells from 10.5-dpc embryos were sorted using Ter-119
antibodies, and a subset of Ter-119" cells was collected and subjected
to RNA extraction. Data were analyzed as described in the legend to
Fig. 3A and are represented as the means = standard errors of the
means of two qRT-PCRs performed in duplicate.

cells was about threefold lower in the transgenic embryos than
that of the wild-type embryos (Fig. 7A and B). Furthermore,
we observed a decrease in the number of cells that express high
levels of Ter-119 (Fig. 7C), which is a marker for more differ-
entiated erythroid cells (32). The number of benzidine-positive
cells also was reduced by three to fourfold in the yolk sac cells
from transgenic embryos compared to those taken from wild-
type littermates (data not shown). Taken together, these re-
sults demonstrate that USF is an important contributor to
erythroid cell differentiation and mediates the high-level ex-
pression of erythroid transcription factors and the expression
of the globin genes.

To examine whether USF not only regulates the differenti-
ation of erythroid cells but also functions within the context of
differentiating cells, we analyzed the expression of the Byy;-
globin gene in Ter-119-sorted cells obtained from transgenic or
wild-type embryos (Fig. 7D). The expression of the 4;-globin
gene was reduced in Ter-119% cells isolated from two trans-
genic embryos compared to that of their wild-type littermates.
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DISCUSSION

It currently is unknown how ubiquitously expressed and tis-
sue-specific transcription factors coordinate the activation of
highly expressed genes during differentiation. Perhaps tissue-
specific factors mediate the accessibility of regulatory sites,
whereas ubiquitously expressed proteins perform basic func-
tions involved in the local remodeling of nucleosomes and the
recruitment of transcription complexes.

The B-globin genes are competitively regulated by the LCR
(10, 19). During the activation of the B-like globin genes, the
LCR comes in close proximity to the genes. Furthermore, it
appears that during the differentiation of erythroid cells, cer-
tain factors and protein complexes, including RNA Pol II, first
associate with the LCR before they interact with the globin
gene promoters (31, 38, 57). The LCR could serve as the
primary site of recruitment for activities involved in globin
gene regulation (34, 37). These activities could be transferred
to the globin genes by looping mechanisms (18). If mechanisms
are known that mediate the stage-specific association of the
globin genes with the LCR, strategies could be developed to
change these association patterns. This could lead to novel
therapies for the treatment of sickle cell anemia or other he-
moglobinopathies, e.g., by favoring interactions of the LCR
with therapeutic y-globin genes over those with the mutant
B-globin genes.

USF was one of the first transcription factors shown to
activate transcription mediated by RNA Pol II, and it plays a
role in the high-level expression of many genes in differenti-
ated cells (12, 48). Accumulating evidence points to the pos-
sibility that highly expressed genes are transcribed in special-
ized nuclear domains enriched for splicing factors and RNA
Pol 11, often referred to as transcription factories or transcrip-
tion domains (9, 27, 53). It is possible that the LCR nucleates
such a transcription domain in erythroid cells (39). USF is a
likely candidate protein that could mediate the association of
genes or regulatory elements with transcription domains in the
nucleus. USF mediates the high-level expression of genes dur-
ing cellular differentiation, and the global analysis of the inter-
action of USF with chromatin revealed that USF mostly binds
to regions close to transcription start sites (46).

The data presented here suggest that USF regulates many
genes involved in erythropoiesis, including genes encoding key
erythroid transcription factors. Inactivating USF thus causes a
defect in the differentiation of erythroid cells. This is supported
by our observation that the expression of A-USF in transgenic
mice causes reductions in the number of CD71" and Ter-119*
cells in the yolk sac (Fig. 7). In addition to regulating erythro-
poiesis, several lines of evidence suggest that USF also directly
regulates the recruitment of transcription complexes to the
B-globin gene locus. First, both USF1 and USF2 interact with
LCR element HS2 and with the adult B-globin gene promoter
in vitro and in the context of intact erythroid cells (5, 13, 17,
35). Electrophoretic mobility shift assays using protein extracts
from erythroid cells demonstrated that a single complex is
formed on the E-box derived from the adult B-globin down-
stream promoter region (35). This complex is supershifted with
USF antibodies. This result suggests that no other helix-loop-
helix protein present in the protein extract, e.g., Tal-1, is ca-
pable of interacting with this site in vitro. The expression of a
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dominant-negative mutant of USF in MEL cells (13) or trans-
genic mice (shown here) reduces the recruitment of USF and
Pol II to the B-globin gene locus. Furthermore, we demon-
strated that A-USF reduces the recruitment of RNA Pol II to
immobilized LCR templates in vitro (Z. Zhou and J. Bungert,
unpublished data). Finally, we observed a reduction in globin
gene expression in Ter-119" cells isolated from A-USF-ex-
pressing transgenic embryos (Fig. 7D). All of these data are
consistent with the hypothesis that USF plays a direct role in
the regulation of erythroid-specific genes, including the globin
genes. However, USF does not appear to act globally on tran-
scription, as we did not observe changes in the expression of
housekeeping genes in the A-USF-transgenic mice.

The reduction of embryonic globin gene expression in A-
USF-expressing transgenic mice could be due to reduced in-
teractions of USF and transcription complexes with the LCR,
which may impair its activity. In addition, we also found a
reduction in the expression of EKLF, Tal-1, and NF-E2 (p45),
whereas the expression of GATA-1 and HoxB4 was only mildly
reduced. Therefore, the reduced expression of these key ery-
throid transcription factors likely also contributes to decreased
globin gene expression in the yolk sac of A-USF transgenic
mice. We provide evidence that USF interacts with E-box-
containing regulatory elements in the EKLF and Tal-1 gene
loci. We propose that USF functions within the context of
erythroid-specific transcription domains in the nucleus, and
that genes expressed during erythropoiesis associate with these
domains, which is consistent with data from Osborne et al.
(43).

Previous studies have shown that EKLF is required for the
recruitment of chromatin remodeling complexes to the LCR

and to the adult B-globin gene promoter (3, 23, 36). Interest-
ingly, a recent report from Sengupta et al. revealed a require-
ment for EKLF in the recruitment of TAF9, which interacts
with a basal promoter element in the B-globin gene, suggesting
that EKLF is directly involved in recruiting transcription com-
plexes to the B-globin gene promoter (49). NF-E2 (p45) also is
required for the efficient recruitment of RNA Pol II to the
adult B-globin gene promoter, but it is dispensable for its initial
recruitment to the LCR (28). Since both proteins appear to be
regulated by USF, our data strongly suggest that USF regulates
B-globin gene expression indirectly by enhancing the expres-
sion of erythroid-specific transcription factors and directly by
cooperating with these factors in the recruitment of transcrip-
tion complexes to the globin gene locus (Fig. 8).
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