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The human �-globin gene is expressed at high levels in eryth-
roid cells and regulated by proximal and distal cis-acting DNA
elements, including promoter, enhancer, and a locus control
region (LCR). Transcription complexes are recruited not only to
the globin gene promoters but also to the LCR. Previous studies
have implicated the ubiquitously expressed transcription factor
USF and the tissue-restricted activator NF-E2 in the recruit-
ment of transcription complexes to the �-globin gene locus.
Here we demonstrate that although USF is required for the effi-
cient association of RNA polymerase II (Pol II) with immobi-
lized LCR templates, USF andNF-E2 together regulate the asso-
ciation of Pol II with the adult �-globin gene promoter.
Recruitment of Pol II to the LCR occurs in undifferentiated
murine erythroleukemia cells, but phosphorylation of LCR-as-
sociated Pol II at serine 5 of the C-terminal domain is mediated
by erythroid differentiation and requires the activity of NF-E2.
Furthermore, we provide evidence showing that USF interacts
with NF-E2 in erythroid cells. The data provide mechanistic
insight into how ubiquitous and tissue-restricted transcription
factors cooperate to regulate the recruitment and activity of
transcription complexes in a tissue-specific chromatin domain.

Eukaryotic transcription is regulated atmany different levels,
including themodification and remodeling of chromatin struc-
ture and perhaps the recruitment of genes to transcription fac-
tories (1–3). The DNA sequence in regulatory regions and the
trans-acting DNA binding activities control accessibility and
position of genes in the nucleus and mediate the recruitment
and activity of transcription complexes. Genes that are ex-
pressed in a cell type-specific manner are often regulated by a
combination of transcription factors that are expressed ubiqui-
tously or in a more tissue-restricted manner (4).
The human �-globin gene locus provides an excellent exam-

ple for the study of gene regulatory mechanisms during differ-
entiation and development (5, 6). The five �-like globin genes
are expressed in a developmental stage-specific manner exclu-
sively in erythroid cells. The genes are regulated by proximal

promoter and enhancer elements as well as by the locus control
region (LCR),2 a powerful DNA-regulatory element located far
upstream of the globin genes and composed of several DNase
I-hypersensitive (HS) sites (7–9)(Fig. 1A). Many DNA binding
proteins and co-regulators control chromatin structure and
gene expression in the globin gene locus (10). However, among
these proteins, there is not a single transcription factor that is
exclusively expressed in erythroid cells. Thus, it is the combi-
nation, the abundance, and perhaps the erythroid-specific
modification of transcription factors that turn on the globin
genes exclusively in erythroid cells and at the correct develop-
mental stage.
Among the many proteins that regulate expression of the

adult �-globin gene are NF-E2 and USF (11–13). Both tran-
scription factors interact with LCRHS sites and with the �-glo-
bin gene promoter (14–19). NF-E2 is a heterodimer composed
of the hematopoietic specific subunit p45 and a ubiquitously
expressed subunit p18 (small Maf protein) (20, 21). The p45
subunit provides a leucine zipper dimerization motif and both
DNA binding and activation domains, whereas the p18 subunit
only carries the leucine zipper and DNA binding motif. NF-E2
binds to a DNA sequence referred to as the Maf recognition
element (MARE), which is located in LCR HS sites 2, 3, and 4
(22). NF-E2 also interacts directly or indirectly with the adult
�-globin gene promoter, which lacks a consensus MARE
sequence (18, 19). NF-E2 associates with co-regulators (e.g.
MLL2 and CBP/p300) and components of the basal Pol II tran-
scription apparatus (23, 24). Recently, the Brand and Groudine
laboratories (25, 26) characterized proteins that interact with
the small MafK protein during differentiation of murine eryth-
roleukemia (MEL) cells. These studies demonstrated thatMafK
is part of a large protein complex whose composition changes
during erythroid differentiation. The MafK protein complex
contains different activities that modify chromatin structure,
suggesting that NF-E2 plays a role in chromatin opening of the
globin gene locus.Other studies have shown thatNF-E2 (p45) is
required for the efficient recruitment of Pol II to the adult
�-globin gene promoter but not to the LCR (27). Several studies
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have shown that NF-E2 binding sites are required for full activ-
ity of globin gene-associated regulatory elements (28–31).
Despite all of the evidence pointing to an important role of

NF-E2 (p45) in the regulation of globin gene expression, mice
deficient for p45 reveal only a mild defect in erythropoiesis and
globin gene expression (32). The mild reduction in globin gene
expression in these mice may in part be due to the presence of
two NF-E2-related proteins in erythroid cells, which may com-
pensate for the lack of NF-E2 (22). There are no mice available
that are depleted for NF-E2 and the two NF-E2-related pro-
teins. Nonetheless, NF-E2-deficientMEL cells express very low
levels of the globin genes, and it is currently not knownwhy the
NF-E2-related proteins fail to partially replace NF-E2 in this
system (12). In addition, Kotkow and Orkin (33) demonstrated
that expression of a dominant negative p18 (small Maf) protein
inMEL cells reduces the activity of NF-E2 and represses globin
gene expression. These data demonstrate that the MEL cell
system is ideally suited to study the function of NF-E2 (p45).
The transcription factor USF is a dimeric helix-loop-helix

protein normally composed of the closely related subunits
USF1 and USF2, although homodimers can form as well (34).
USF binds to classical E-box elements (CANNTG) and regu-
lates transcription through the recruitment of co-regulator
complexes (35–37). USF has been shown to interact with LCR
element HS2 and with the adult �-globin gene promoter, and
expression of a dominant negative mutant of USF in erythroid
cells reduces the recruitment of Pol II to these cis-regulatory
elements (13–15, 38). USF has also been shown to bind to and
to contribute to the function of chromosomal barrier elements
(39, 40). Recent work has demonstrated that USF interacts with
the histone acetyltransferase CBP and with the histonemethyl-
transferase Prmt1 (36, 37). The function of USF in regulating
transcription and barrier activity is probably mediated at least
in part by these co-factors.
We showhere that Pol II, NF-E2, USF1, USF2, TFIIB, and the

coactivator CBP are efficiently recruited to LCR element HS2,
whereas only TFIIB and USF2 are recruited to the adult �maj-
globin gene promoter in undifferentiated MEL cells. Upon
induction of erythroid differentiation, these proteins are also
detectable at the adult�maj-globin gene promoter. Pol II phos-
phorylated at serine 5 of the C-terminal domain (CTD) is first
detectable at the LCR but not at the globin gene during differ-
entiation of MEL cells. In MEL cells deficient for NF-E2 (p45),
recruitment of Pol II at the �maj-globin gene locus is reduced,
consistent with previous data (27). Interestingly, however,
there is a lack of serine 5 phosphorylated Pol II at LCRHS2 and
the adult �maj-globin gene promoter in NF-E2 deficient cells.
Re-expression ofNF-E2 in these cells leads to increased recruit-
ment of Pol II and phosphorylation of Pol II at the �maj-globin
gene promoter. We further demonstrate that USF2 interacts
with Pol II in both undifferentiated and in differentiated MEL
cells. In contrast, USF1 only interacts with Pol II in differenti-
ated MEL cells. Finally, we demonstrate that although USF is
required for the recruitment of Pol II to the LCR, NF-E2
appearstodissociatePol II fromtheLCRina�-globinpromoter-
dependent manner and together with USF mediates the
recruitment of Pol II to the adult �-globin gene promoter.

EXPERIMENTAL PROCEDURES

Cell Culture and Protein Extracts—MEL cells were grown in
Dulbecco’s modified Eagle’s medium (Cellgro) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
antibiotic mixture. CB3 and CB3/NF-E2 cells were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum, 200 mM L-glutamine, and
1% penicillin/streptomycin antibiotic mixture. For DMSO-in-
duced cells, 1 � 105 cells/ml MEL or CB3 cells were incubated
with 1.5% DMSO for 72 h. All cells were grown in 5% CO2 at
37 °C.
Nuclear extracts used in co-immunoprecipitation experi-

ments were prepared as described by Leach et al. (16). Whole
cell extracts used in the in vitro dissociation assay were pre-
pared as described previously (41). Whole cell extracts used in
Western blotting experiments were prepared using radioim-
munoprecipitation assay buffer (50 mM Tris-HCl (pH 7.4), 100
mMNaCl, 10 mM EDTA, 0.25% sodium deoxycholate, 1% Non-
idet P-40, 0.1% SDS, and protease inhibitor mixture; Roche
Applied Science). The cDNAs ofNF-E2 (p45 tethered toMafG)
(16, 42) and A-USF (13) were subcloned into pET-28a(�) and
pET-19b vector (Novagen), respectively, and the recombinant
proteins were expressed in Escherichia coli according to the
manufacturer’s protocol.
Western Blotting—Western blotting experiments were per-

formed as described by Leach et al. (16). A total of 60 �g of
whole cell extracts, unless otherwise noted, were loaded onto
4–20% Ready gel (Bio-Rad). The proteins were visualized by
ECL Plus chemiluminescence (Amersham Biosciences). The
following antibodies were used: GAPDH (FL-335; sc-25778),
NF-E2 (C-19; sc-291), NF-E2 p18 (MafK) (C-16; sc-477), USF1
(C-20; sc-229), USF2 (C-20; sc-862), TFIIB (C-18; sc-225), CBP
(A-22; sc-369), and goat anti-mouse IgG-horseradish peroxi-
dase (sc-2005) (all purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA)), goat anti-rabbit IgG-horseradish perox-
idase (Kirkegaard & Perry Laboratories), and anti-rabbit IgG
Trueblot (eBioscience). These antibodies were used for all of
the Western blotting and for the co-immunoprecipitation
experiments. The concentrations of the antibodies used fol-
lowed the manufacturers’ guidelines.
Chromatin Immunoprecipitation (ChIP)—The ChIP assay

was performed essentially as described by Leach et al. with
minor modifications (16). After preclearing the diluted cell
lysate with Protein A-Sepharose beads, 2 �g of the appropriate
antibody was used for each ChIP sample. For ChIP assays using
mouse IgM antibodies, Dynabeads� rat anti-mouse IgM (a gift
from Scott R. Jamison (Invitrogen)) was used instead of Protein
A-Sepharose beads.
The antibodies used were the same as those described for the

Western blotting experiments except for the following antibod-
ies: normalmouse IgM (Santa Cruz Biotechnology, Inc.), rabbit
IgG (Bethyl Laboratories), RNA polymerase II, clone CTD4H8,
05-623 (Upstate); RNApolymerase II 8WG16monoclonal anti-
body and RNA polymerase II H14 (Ser(P)-5-Pol II) monoclonal
antibody (Covance), and RNA polymerase II Ser(P)-2-specific
antibody (Abcam, catalog no. ab5095). Samples were analyzed
by quantitative real-time PCR using myiQ (Bio-Rad). The
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murine �maj and HS2 primers used for ChIP samples were
described by Crusselle-Davis et al. (13). GAPDH and theHS3/2
flanking region were analyzed using primers described by Lev-
ings et al. (43). The p values were determined by three inde-
pendent experiments and calculated by using the Microsoft
Excel t test function. p � 0.05 and p � 0.1 are considered to be
statistically significant.
Co-immunoprecipitation (Co-IP) and GST Pull-down Assay—

For each co-IP experiment, 1 mg of nuclear extract from MEL
or CB3 cells was used. The nuclear extracts were precleared by
incubating with anti-rabbit IgG beads (eBioscience) for 30min.
The precipitation was achieved by incubating 2.5 �g of appro-
priate antibodywith the precleared cell nuclear extract for 2.5 h
on a spinning wheel at 4 °C. The protein complexes were cap-
tured by incubating the antibody containing cell nuclear
extracts with anti-rabbit IgG beads for 2 h. Then the beadswere
collected and washed three times with radioimmunoprecipita-
tion assay buffer. All of the incubations were performed at 4 °C
on a spinning wheel. The immunoprecipitated protein com-
plexes were eluted with Laemmli buffer (Bio-Rad) at 95 °C for
10 min and then loaded onto 4–20% Ready Gel (Bio-Rad) and
analyzed byWestern blotting. The antibodies used for co-IP are
the same as those used for Western blotting experiments,
except that Pol II (N-20) sc-899 (Santa Cruz Biotechnology,
Inc.) was used for the co-IP experiments.
The cDNAs encoding full-length or C-terminal truncated

human USF1 (hUSF1) were inserted into the pGEX-5X-1 vec-
tor (Promega) as described by Huang et al. (36). The USF1-N
construct was generated by removing a BlpI/XhoI fragment,
encoding amino acids 202–310, from pGEX-5X-1-USF1 (36).
The USF1-LZ� construct was generated by removing a NheI/
SacI fragment, encoding amino acids 262–291, frompGEX-5X-
1-USF1 (36). GST and wild-type and mutant GST-hUSF1
fusion proteins were expressed in and purified from E. coli.
Equal amounts of the proteins were coupled to glutathione-
Sepharose 4 fast flow beads (GE Healthcare, catalog no.
17-5132-01) according to the manufacturer’s instructions.
Equal amounts of protein-coupled beads were incubated with
recombinant NF-E2 (16) in 300 �l of pull-down binding buffer
(50 mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 0.1%
Nonidet P-40, 0.1 �g/�l BSA, 1 mM dithiothreitol, 1 mM phen-
ylmethylsulfonyl fluoride) for 1 h at 4 °C. The beads were
washed 3–5 times with 1 ml of pull-down binding buffer (with-
out BSA), collected, boiled with Laemmli sample buffer (Bio-
Rad), and loaded onto 4–20%Ready gels (Bio-Rad), followed by
a Western blotting assay with antibody against NF-E2 (C-19;
Santa Cruz Biotechnology, Inc., catalog no. sc-291).
RNA Isolation, Reverse Transcription, and Real-time PCR—

RNA was isolated by using the guanidine thiocyanate method
(44) and reverse transcribed by using iScript cDNAsynthesis kit
(Bio-Rad) according to the manufacturer’s protocol. Quantita-
tive PCR (qPCR) was performed using MyiQ (Bio-Rad), and
reactions were carried out using iQ SYBR Green super mix
(Bio-Rad). Real-time PCR analysis of cDNA was performed
using the following cycles: 95 °C for 5min, 40 cycles of 94 °C for
30 s, 60 °C for 30 s, 72 °C for 1 min, and final extension at 72 °C
for 5 min. �-Actin was used as endogenous control for RT-
qPCR.The qPCRprimers used for amplifying themurine�maj-

globin gene were the same as previously described by Levings
et al. (43). The RT primers for �-actin were as follows: US, 5�-
GTGGGCCGCTCTAGGCACCA-3�; DS, 5�-TGGCCTTAG-
GGTGCAGGGGG-3�.
In Vitro Transfer/Dissociation Assay—The in vitro Pol II

transfer/dissociation analysis was performed as described by
Vieira et al. (45) with minor modifications. Briefly, a plasmid
containing the wild-type human �-globin LCR was linearized
and immobilized on streptavidin-coated magnetic beads, as
described by Leach et al. (46). 1.5 �g of the immobilized LCR
was incubated with 500 �g of MEL whole cell extracts for 30
min at 30 °C, and then unboundmaterial was removed from the
beads. 1 �g of wild-type or mutant human �-globin gene con-
struct was added in experiments in which dissociation was
assayed in the presence of DNA templates. The three �-globin
gene mutants, pRS�INImut (INImut), pRS��60E-boxmutb
(�60Eboxmut), and pRS�MAREa (NF-E2mut1), as well as a
�-globin gene construct lacking a 1.2-kbp fragment including
the promoter (��), were described previously by Leach et al.
(16) and Vieira et al. (45). After incubating beads-LCR-protein
complexes with �-globin gene constructs for 30 min at 30 °C,
the tubes were placed on a magnetic device, and the superna-
tant was collected from each tube, and subjected to Western
blotting analysis. In some experiments, 60 ng of recombinant
NF-E2, A-USF, or BSA was added with or without the �-globin
gene construct during the dissociation reaction. The experi-
ments were repeated at least three times, and the results were
reproducible.
To quantitate the efficiency of the transfer of Pol II from the

LCR to the �-globin gene template, we modified the above
described procedures as follows. After incubating the LCR-
coupled streptavidin beads with MEL nuclear extracts and
removing unbound material, each sample was equally divided
in half. One half of each sample was boiled with Laemmli sam-
ple buffer (Bio-Rad), loaded onto 4–20% Ready gel (Bio-Rad),
and then analyzed by Western blotting using an antibody
against Pol II (clone CTD4H8, 05-623, Upstate). The other half
of each sample was subjected to an in vitro transfer assay as
described previously (45). The supernatants, either containing
or lacking the �-globin template, were collected at the end of
the assay and cross-linked with 0.5% formaldehyde at room
temperature for 10 min. Then 0.125 M glycine was added to
each sample, incubating at room temperature for 5 min to stop
the cross-linking reactions. All samples were dialyzed against
ChIP dilution buffer and then subjected to IP analysis using the
ChIP assay protocol described previously with antibodies
against Pol II (clone CTD4H8, 05-623, Upstate) and rabbit IgG
(Bethyl Laboratories). Precipitation of the �-globin gene tem-
plate wasmonitored by quantitative real-time PCR using prim-
ers located downstream of the �-globin gene promoter: US,
5�-ATTGCATCAGTGTGGAAGTC-3�; DS, 5�-ATTGCCCT-
GAAAGAAAGAGATTAG-3�.

RESULTS

In the course of our studies we used three different cell lines,
MEL, CB3, and CB3/NF-E2 cells. MEL cells are murine eryth-
roleukemia cells that are arrested at a proerythroblast stage and
can be differentiated by a variety of chemical inducers, includ-
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ing DMSO. DMSO-mediated induction of MEL cell differenti-
ation has been widely used to study gene regulatory mecha-
nisms in the globin gene loci (25, 27). Fig. 1B shows that

incubation of MEL cells for 3 days
with 1.5%DMSO led to amore than
50-fold increase in expression of the
adult �maj-globin gene. The second
cell line, CB3, is also derived from
MEL cells but lacks expression of
NF-E2 (p45), due to viral insertion
into the p45 gene locus (47). CB3
cells failed to express the adult
�-globin gene upon exposure to
DMSO (Fig. 1D). Finally, CB3/
NF-E2 cells are CB3 cells stably
transfected with an expression con-
struct for p45, the large subunit of
NF-E2 (12). In these cells, expres-
sion of p45 is under control of the
EF1� promoter. The CB3/NF-E2
cells expressed relatively high levels
of the adult �maj-globin gene in the
absence of DMSO induction (Fig.
1F) but failed to increase globin
gene expression in response to
DMSO (data not shown). We com-
pared the expression of several pro-
teins previously implicated in globin
gene regulation in uninduced and
DMSO-induced MEL (Fig. 1C) and
CB3 (Fig. 1E) cells by Western blot-
ting analysis. The data demonstrate
that the expression of transcription
factors USF1, USF2, and NF-E2
(p45) increased during differentia-
tion of MEL cells. In contrast,
expression of Pol II, TFIIB, the p45
dimerization partner MafK, CBP,
and GAPDH remained similar
between uninduced and induced
MEL cells. The results obtained
from CB3 cells were somewhat dif-
ferent in that these cells did not
express NF-E2 (p45), as expected,
and did not reveal an increase in
USF expression upon exposure to
DMSO. In contrast to CB3 cells,
CB3/NF-E2 cells expressed NF-E2
(p45) (Fig. 1G); however, the USF
protein levels were comparable
between CB3 and CB3/NF-E2 cells.
We next examined the interac-

tion of the above mentioned pro-
teins with the globin gene locus in
uninduced and DMSO-induced
MEL and CB3 cells (Figs. 2 and 3).
We focused our attention on two
elements that have previously been

shown to be the major sites of interactions for both NF-E2 and
USF, namely LCR element HS2 and the adult �maj-globin gene
promoter (13, 18). Both of these elements harbor multiple

FIGURE 1. DMSO mediated increase in USF, NF-E2 (p45), and �-globin expression in MEL but not CB3 cells.
A, structure of the human and mouse �-globin gene loci. The �-globin gene loci consist of five (human) or four
(mouse) genes that are expressed during development. The murine ��- and �h1-globin genes are expressed in
embryonic erythroid cells, and the �min- and �maj-globin genes are expressed in fetal and adult erythroid cells (70).
The human �-globin gene is expressed at the embryonic stage, the G�- and A�-globin genes are expressed at the
fetal stage, and the �- and �-globin genes are expressed at the adult stage. All of the genes are regulated by an LCR
located far upstream of the genes and composed of several erythroid-specific HS sites. B, quantitative RT-PCR
analysis of �maj-globin gene expression in MEL cells incubated with or without 1.5% DMSO for 3 days. RNA was
isolated from MEL cells, reverse transcribed, and subjected to qPCR using primers specific for the adult �maj-globin
gene. The results are shown as the relative expression normalized to transcription of the �-actin gene. Error bars, S.E.
from three independent experiments. C, Western blotting analysis of NF-E2 (p45), USF1, USF2, Pol II, TFIIB, GAPDH,
MafK, and CBP in MEL cells incubated with or without 1.5% DMSO for 3 days. Proteins from whole cell extracts (60�g)
were electrophoresed in 4–20% Ready Gels (Bio-Rad), transferred to nitrocellulose membranes, and incubated with
antibodies as indicated. D, quantitative RT-PCR analysis of �maj-globin gene expression in CB3 cells incubated with
or without 1.5% DMSO for 3 days. RNA was isolated and analyzed as described in B. E, Western blotting analysis of
NF-E2 (p45), USF1, USF2, Pol II, TFIIB, GAPDH, MafK, and CBP in CB3 cells incubated with or without 1.5% DMSO for 3
days. Proteins were processed and analyzed as described in C. F, quantitative RT-PCR analysis of �maj-globin gene
expression in CB3 and CB3/NF-E2 cells. RNA was processed and analyzed as described in B. G, Western blotting
analysis of NF-E2 (p45), USF1, USF2, and GAPDH expression in CB3 and CB3/NF-E2 cells. Proteins were processed and
analyzed as described in C.
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E-box motifs, and HS2 also contains two consensusMARE ele-
ments. NF-E2 has also been shown to interact with the adult
�maj-globin gene promoter, although it lacks a consensus

MARE sequence (18, 19). As a neg-
ative control, we examined the
interaction of the proteins with a
DNA element located between HS2
and HS3. None of the proteins
examined here interacted signifi-
cantly with the negative control
region in uninduced or induced
MEL or CB3 cells (13, 37, 43, 45)
(supplemental Fig. S1). Fig. 2A dem-
onstrates that NF-E2 (p45), MafK,
USF1, USF2, CBP, and TFIIB were
already associated with LCR ele-
ment HS2 in uninduced MEL cells.
Only USF2, MafK, and TFIIB were
significantly enriched at the adult
�maj-globin gene promoter in un-
induced MEL cells, whereas all of
the other factors were not enriched.
Upon induction of MEL cell differ-
entiation, there was a 2–5-fold
increase in the association of all of
the factors with LCR element HS2
and a 5–10-fold increase in the
interaction of all factors with the
adult �maj-globin gene promoter.
Only upon induction of differentia-
tion did NF-E2 (p45), USF1, and
CBP reveal significant enrichment
at the adult �maj-globin gene
promoter.
The protein interaction profile of

the examinedproteinswith the�maj-
globingene locuswas similarbetween
uninducedCB3andMELcells, except
for NF-E2 (p45), which was not
enriched at HS2 and the �-globin
gene promoter in CB3 cells (Fig. 2,
compare A and B). The proteins
MafK, USF1, USF2, CBP, and TFIIB
revealed significant enrichment at
LCR element HS2 and were either
absent or detected at lower levels at
the adult �maj-globin gene promoter
comparedwithMEL cells. These data
demonstrate that NF-E2 is not
required for the initial low level
recruitment ofUSF to the globin gene
locus.The recruitmentofMafKto the
LCR inCB3anduninducedMELcells
is probably mediated in part by
BACH1,which is replaced during dif-
ferentiationbyp45 (48). In contrast to
MEL cells, none of the protein/chro-
matin interactions increased upon

exposure of CB3 cells to DMSO (Fig. 2B).
We next analyzed the interaction of NF-E2 and USF with the

�-globin gene locus in CB3/NF-E2 cells, in which expression of

FIGURE 2. Lack of NF-E2 (p45) impairs the assembly of protein complexes at LCR HS2 and at the adult �maj-
globin gene promoter. A, ChIP analysis of protein chromatin interactions in LCR HS2 and the adult �maj-globin
gene promoter in MEL cells incubated with or without 1.5% DMSO for 3 days. After cross-linking MEL cells with 1%
formaldehyde, chromatin was isolated, fragmented by sonication, and subjected to immunoprecipitation with
antibodies against NF-E2 (p45), MafK, USF1, USF2, CBP, and TFIIB. Reactions with the IgG antibody served as a
negative control. The DNA was purified from the precipitate and subjected to qPCR using primers specific for LCR
HS2 and the adult �maj-globin gene promoter as indicated. Error bars, S.E. of three independent experiments
(**, sample versus IgG, p � 0.05; ��, sample versus IgG, 0.05 � p � 0.1; *, DMSO versus no DMSO, p � 0.05; �, DMSO
versus no DMSO, 0.05 � p � 0.1). B, ChIP analysis of protein chromatin interactions in LCR HS2 and the adult
�maj-globin gene promoter in CB3 cells incubated with or without 1.5% DMSO for 3 days. DNA was isolated from
immunoprecipitated material and analyzed as described in A. Error bars, S.E. of three independent experiments
(symbols are as in A). C, comparative ChIP analysis of protein chromatin interactions in uninduced CB3, MEL, and
CB3/NF-E2 cells. Cross-linked chromatin was precipitated with IgG or antibodies against NF-E2 (p45), USF1, or USF2,
and DNA was analyzed as described in A. Error bars, S.E. of three independent experiments (*, CB3/NF-E2 versus CB3,
p � 0.05; �, CB3/NF-E2 versus CB3, 0.05 � p � 0.1; **, CB3/NF-E2 versus MEL, p � 0.05; ��, CB3/NF-E2 versus MEL,
0.05 � p � 0.1; ***, CB3/NF-E2 versus CB3 and MEL p � 0.05).
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p45 has been restored by stable transfection with a p45-ex-
pressing DNA construct. The data demonstrate that NF-E2
efficiently interacted with LCR HS2 and with the adult �maj-

globin gene promoter in CB3 cells
expressing p45 (Fig. 2C). Interest-
ingly, NF-E2 interacted more effi-
ciently with the �maj-globin gene
promoter in CB3/NF-E2 cells com-
pared with uninduced MEL cells.
This result demonstrates that
NF-E2 is capable of interacting with
the adult �maj-globin gene pro-
moter in uninduced cells when
expressed at high levels. In unin-
duced MEL cells, we only observed
significant interactions of NF-E2
with the LCR and not with the adult
�maj-globin gene promoter (Fig.
2A). Re-expression of p45 did not
lead to increased interactions of
USF1 and USF2 with LCR HS2 and
the globin promoter (Fig. 2C).
Previous work by Johnson et al.

(27) demonstrated that NF-E2 (p45)
is required for the recruitment of
Pol II to the adult �-globin gene
promoter but not to LCR element
HS2. Pol II is recruited toDNA in its
unphosphorylated form, is first
phosphorylated at Ser-5 in the CTD
during transcription initiation, and
is subsequently phosphorylated at
Ser-2 in the CTD to allow efficient
elongation (49). We examined the
interaction of total Pol II (Pol
II/CTD), unphosphorylated Pol II
(Pol II/P�), Ser-5-phosphorylated
Pol II (Pol II/S5P), and Ser-2-phos-
phorylated Pol II (Pol II/S2P) with
the LCR element HS2 and with the
adult �maj-globin gene in unin-
duced and DMSO-induced MEL
and CB3 cells (Fig. 3, A and B). We
also analyzed the interaction of
the different forms of Pol II with
a negative control region located
between HS2 and HS3 (supple-
mental Fig. S2) and found that Pol II
does not efficiently interact with
this region of the globin gene locus.
The data demonstrate that Pol II
was recruited to LCR element HS2
but not as efficiently to the adult
�maj-globin gene promoter in
uninduced MEL cells (Fig. 3A).
Interestingly, there was no Ser-5-
phosphorylated Pol II associated
with LCR element HS2 or with the

�maj-globin gene promoter in uninducedMEL cells. A positive
control experiment demonstrated that Ser-5-phosphorylated
Pol II was efficiently recruited to the GAPDH gene in unin-

FIGURE 3. Efficient recruitment and phosphorylation of Pol II at the �-globin gene locus requires NF-E2
(p45). A, ChIP analysis of Pol II interactions in the �-globin gene locus in MEL cells incubated with or without
1.5% DMSO for 1 or 3 days. Chromatin was isolated from cross-linked MEL cells, fragmented by sonication, and
immunoprecipitated with antibodies specific for the Pol II CTD (Pol II/CTD), for unphosphorylated Pol II (Pol
II/P�), or for Pol II phosphorylated at serine 5 (Pol II/S5P) or serine 2 (Pol II/S2P) of the CTD. IgG or IgM antibodies
were used in these experiments as negative controls. DNA was isolated from the precipitates and subjected to
qPCR with DNA primers specific for LCR HS2 or the adult �maj-globin gene promoter as indicated. Error bars,
S.E. from three independent experiments (**, sample versus IgG, p � 0.05; *, DMSO versus no DMSO, p � 0.05;
�, DMSO versus no DMSO, 0.05 � p � 0.1). B, ChIP analysis of Pol II interactions in the �-globin gene locus in CB3
cells incubated with or without 1.5% DMSO for 3 days. Chromatin precipitation and DNA analysis by qPCR was
performed as described in A. Error bars, S.E. from three independent experiments (**, as described in A).
C, comparative ChIP analysis of Pol II interactions in uninduced CB3, MEL, and CB3/NF-E2 cells. Chromatin
precipitation and DNA analysis by qPCR were performed as described in A. Error bars, S.E. from three independ-
ent experiments (*, CB3/NF-E2 versus CB3, p � 0.05; **, CB3/NF-E2 versus CB3 and MEL, p � 0.05; ��, CB3/NF-E2
versus CB3 and MEL, 0.05 � p � 0.1). D, ChIP analysis of Ser-5-phosphorylated Pol II at the GAPDH promoter in
undifferentiated and DMSO-induced MEL and CB3 cells (as indicated). Cells were grown in the absence or
presence of DMSO (1.5% for 3 days). DNA was isolated from immunoprecipitated material and analyzed by
qPCR as described in A. Error bars, S.E. from three independent experiments (**, as described in A).
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duced MEL cells (Fig. 3D). We observed a significant enrich-
ment for the Ser-2-phosphorylated form of Pol II at LCR ele-
ment HS2 but not at the �maj-globin gene promoter in
uninduced cells. The low levels of Ser-2-phosphorylated Pol II
at LCR element HS2 indicates ongoing transcription within the
LCR in uninduced MEL cells. This is consistent with previous
analysis of intergenic transcription in the �-globin gene locus
(50, 51). The fact that we did not detect Ser-5-phosphorylated
Pol II in HS2 in undifferentiated MEL cells suggests that inter-
genic transcription in these cells initiates upstream of HS2.
After induction of differentiation, we detected a strong increase
in the association of Pol II, including unphosphorylated Pol II as
well as Ser-5- and Ser-2-phosphorylated forms of Pol II, with
both LCR HS2 and with the adult �maj-globin gene promoter
(Fig. 3A). We found that the Ser-5-phosphorylated form of Pol
II significantly associated with LCRHS2 but not with the �maj-
globin gene promoter in MEL cells that were induced by 1.5%
DMSO for only 24 h. This result suggests that elongation-com-
petent Pol II complexes are first assembled at the LCR.
In CB3 cells, low but significant levels of Pol II were associ-

ated with LCR element HS2 but not with the adult �maj-globin
gene promoter (Fig. 3B), consistent with previous observations
made by Johnson et al. (27). There was no increase in the asso-
ciation of Pol II with the globin locus-associated elements upon
incubation of CB3 cells withDMSO. Importantly, in contrast to
MEL cells, Ser-5- or Ser-2-phosphorylated forms of Pol II were
not detectable at LCR element HS2 or at the adult �-globin
gene promoter in CB3 cells either before or after incubation
with DMSO (Fig. 3B), demonstrating that NF-E2 (p45) is
required for the phosphorylation of Pol II in the �-globin gene
locus. Similar to what we observed at HS2, Pol II was also
recruited to HS3, and phosphorylation of Pol II at HS3 was also
dependent on NF-E2 (p45) and erythroid differentiation (data
not shown).
We next addressed the question of whether re-expression of

p45 in NF-E2-deficient CB3 cells would restore the association
and phosphorylation of Pol II at the�-globin gene locus. Re-ex-
pression of NF-E2 (p45) led to a 4-fold increase in the associa-
tion of Pol II with LCRHS2when comparedwithCB3 cells (Fig.
3C). The levels of Pol II bound at HS2 in these cells were com-
parable with those detected in uninduced MEL cells. However,
the association of Pol II with the adult �maj-globin gene pro-
moter was increased about 40-fold compared with CB3 cells
and was much higher than in uninducedMEL cells. These data
show that NF-E2 is important for the efficient recruitment of
Pol II to the �maj-globin gene. We did not observe an increase
in Ser-5-phosphorylated Pol II at the LCR in CB3 cells express-
ing p45. In contrast, there was a significant increase of both
Ser-5- and Ser-2-phosphorylated Pol II at the adult �maj-glo-
bin gene promoter.
Because our data (13) and data previously published by John-

son et al. (27) suggest that USF andNF-E2 are both required for
the recruitment of Pol II to the adult �-globin gene promoter,
we examined whether these proteins interact in erythroid cells
(Fig. 4A). In co-IP experiments, we found that USF1 and USF2
interact withNF-E2 (p45) in uninducedMEL cells with compa-
rable efficiency. There appeared to be an increase in interac-
tions betweenUSF2 andNF-E2 relative to interactions between

USF1 andNF-E2 after induction of differentiation (Fig. 4A).We
performed reciprocal experiments in which we immunopre-
cipitated with a p45 antibody and performed theWestern blot-
ting with USF antibodies, and the results confirmed the inter-
actions between USF and NF-E2 (data not shown). We also
observed interactions of USF2 with USF1, NF-E2, and Pol II in
DMSO-inducedMEL cells. There was a reproducible but weak
signal for Pol II in USF2-precipitated material from uninduced
cells (compare the signal in theUSF2 lanewith the signal in the
IgG lane (Fig. 4A)), suggesting thatUSF2 but notUSF1 interacts
with Pol II in undifferentiated MEL cells. The more efficient
co-IP of USF with Pol II in differentiated cells could be due to
the fact that there is an increase in expression of USF during
differentiation (52) or that there is an additional activity
induced upon induction that mediates interactions between

FIGURE 4. Interactions of USF1 and USF2 with NF-E2 (p45) and Pol II dur-
ing differentiation of MEL cells. A, co-immunoprecipitation experiments
were performed by first subjecting nuclear extracts from MEL cells incubated
with or without 1.5% DMSO for 3 days to immunoprecipitation with antibod-
ies specific for IgG, Pol II (N-20), USF1, USF2, and TFIIB. The immunoprecipi-
tated material was electrophoresed using 4 –20% Ready Gels (Bio-Rad) and
transferred to nitrocellulose membranes. The nitrocellulose membranes
were incubated with antibodies against Pol II, NF-E2 (p45), USF1, USF2, and
CBP, as indicated, and subjected to ECL Plus chemiluminescence (Amersham
Biosciences). B, generation and expression of USF1/GST fusion proteins in
E. coli. The cDNA encoding full-length or truncated USF1 was ligated into the
pGEX-5X-1 vector. Fusion proteins were expressed in and purified from E. coli
and analyzed by SDS-PAGE. The following USF1-derived proteins were puri-
fied: full-length USF1 protein (USF1); deletion of the N-terminal half (USF-M1);
deletion of the N terminus and the basic region (USF1-M2); deletion of the N
terminus, the basic region, and the helix-loop-helix domain (M3); deletion of
the leucine zipper (USF-1 LZ�); and deletion of the C terminus as well as the
basic region, the HLH domain, and the LZ domain (USF1-N). C, interaction of
USF1 with NF-E2. Equal amounts of GST fusion proteins were incubated with
His-tagged NF-E2. After washing, proteins were eluted from the GST-beads,
electrophoresed using SDS-PAGE, and subjected to Western blotting analysis
using NF-E2 (p45)-specific antibodies. WB, Western blot.
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USF and Pol II. This activity could in fact be the increased
expression of NF-E2. It is also interesting to note that in undif-
ferentiated MEL cells, USF1 homodimers appeared to be more
abundant thanUSF1/USF2 heterodimers. This was not the case
in differentiatedMEL cells, inwhichwe detected efficient inter-
actions of USF2 with both USF1 and NF-E2 (p45). Further-
more, USF2 but not USF1 interacts efficiently with the co-acti-
vator CBP in MEL cells (Fig. 4A). There was a weak signal for
TFIIB in the USF2-precipitated material in both undifferenti-
ated as well as differentiated MEL cells (upon longer exposure;
data not shown). In contrast to MEL cells, we did not detect
interactions between USF and Pol II in CB3 cells, although
interactions between USF2 and CBP were detectable (data
not shown). We did not detect USF, NF-E2, or CBP in sam-
ples precipitated with antibodies against Pol II. This is prob-
ably because only a small fraction of nuclear Pol II will
associate with these proteins at any given time. All of the
protein-protein interaction data here have been reproduced
(data not shown).
NF-E2 andUSF could be part of a large protein complex, and

thus the interaction could be either direct or mediated by other
proteins. We carried out GST pull-down assays using GST-
tagged recombinant USF1 and recombinant His-tagged NF-E2
(p45 tethered to MafG). The results demonstrated that USF1
directly interacts with NF-E2. Because both proteins contain a
leucine-zipper interaction domain, we analyzed the interaction
of different USF1 truncation mutants lacking the N terminus,
including theUSR (USF1-M1), theN terminus plus basic region
(USF1-M2), or theN terminus plus basic region and helix-loop-
helix domain (USF1-M3), the C terminus USF1-N), or the
leucine zipper (USF1-LZ�), as indicated in Fig. 4, B and C. We
detected efficient interactions only between full-length USF1
and NF-E2, demonstrating that both C terminus and N termi-
nus ofUSF1 harbor elements important for the interactionwith
NF-E2. It is possible that the USF1 deletion mutants are
impaired in correct folding, and this could impact the ability of
USF1 to interact with NF-E2. However, it may be important to
note that deletion of the leucine zipper domain still allowed
interactions between the two proteins, albeit with much lower
efficiency comparedwith full-lengthUSF1 (Fig. 4C). This result
demonstrates that the USF1 leucine zipper is not the critical
determinant for the specific interaction between USF1 and
NF-E2.
We next examined the mechanism(s) by which NF-E2 and

USF could regulate LCR-mediated recruitment of Pol II to the
adult �-globin gene promoter using a protein dissociation/
transfer assay (Fig. 5A).We previously established amethod for
the analysis of Pol II transfer from the LCR to the adult�-globin
gene promoter (45). A plasmid containing all five HS sites from
the human �-globin LCR is linearized, biotinylated, and immo-
bilized on streptavidin-coated magnetic beads. The immobi-
lized LCR is then incubated with protein extracts from MEL
cells. We previously demonstrated that under the applied con-

FIGURE 5. USF and NF-E2 regulate the recruitment and dissociation of Pol
II to and from immobilized LCR templates. A, scheme of the experimental
strategy. A linearized and biotinylated plasmid containing the human �-glo-
bin LCR was immobilized on streptavidin-coated magnetic beads as
described by Vieira et al. (45). The LCR was then incubated with whole cell
extracts from MEL cells. Unbound material was removed, and the LCR-protein
complex was washed several times and incubated with different DNA tem-
plates in the presence or absence of recombinant NF-E2 (p45) tethered to
MafG (16, 42) or dominant negative USF (A-USF) (13). Proteins that dissociate
from the LCR after the incubation step were analyzed using Western blotting
analysis. Transfer of proteins to the �-globin gene promoter was analyzed by
immunoprecipitation (IP) followed by quantitative PCR. B, �-globin promot-
er-mediated dissociation of Pol II, NF-E2 (p45), USF1, and USF2, from the LCR
in the presence of a plasmid containing the �-globin gene with (��) or with-
out (��) its promoter. Proteins and DNA were removed from the immobilized
LCR after incubation for 30 min at 30 °C. C, analysis of the effect of �-globin
promoter mutations on the dissociation of Pol II. DNA plasmids containing
the wild-type �-globin promoter (��) or the promoter with mutations in the
initiator (INImut), the �60 E-box (�60Eboxmut), or the partial MARE se-
quence (NF-E2mut1) were incubated for 30 min with the immobilized LCR-
protein complex in the presence of recombinant NF-E2. Dissociated proteins
were removed and analyzed by Western blotting experiments using an anti-
body specific for Pol II. D, effect of NF-E2 (p45) and A-USF on the dissociation
of Pol II from the immobilized LCR. The immobilized LCR-protein complex was
incubated for 30 min with BSA, AAV Rep (Rep), NF-E2, or A-USF in the absence
or presence of a plasmid containing the wild-type �-globin gene promoter
(��). Dissociated proteins were removed from the LCR and analyzed by West-
ern blotting experiments using an antibody specific for Pol II. E, quantitative
PCR analysis of Pol II transfer from immobilized LCR templates to the �-globin
gene promoter. Immobilized LCR-protein complexes were incubated with or
without a plasmid containing the �-globin gene with (��) or without (��) its
promoter region for 30 min at 30 °C. Unbound material was subjected to
immunoprecipitation using IgG- or Pol II-specific antibodies. The DNA was
isolated from the precipitate and subjected to quantitative real-time PCR

using primers specific for the �-globin gene. The experiment was repeated,
and the error bars represent S.E. An aliquot was taken from immobilized LCR-
protein complexes in each transfer dissociation assay and analyzed by West-
ern blotting using Pol II-specific antibodies (shown above the graph).
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ditions, Pol II is recruited to LCR elements HS2 and HS3 (46).
After removing all material not bound to the LCR, the immo-
bilized protein-DNA complex is incubated with DNA tem-
plates containing the adult �-globin promoter or mutants
thereof. In the initial experiments described here, we incubated
the immobilized LCR construct with protein extracts from
MEL cells. Unbound material was removed, and the LCR-pro-
tein complex was then incubated in the presence of a �-globin
gene construct either containing (��) or lacking (��) the�-glo-
bin gene promoter. After incubation for 30 min at 30 °C, mate-
rial not bound to the LCR was removed and subjected toWest-
ern blotting analysis using NF-E2-, USF-, or Pol II-specific
antibodies as shown in Fig. 5B. This experimental setup allowed
us to monitor �-globin promoter-dependent dissociation of
proteins from the LCR.
The data demonstrate that there was an increase in the dis-

sociation of USF1, USF2, NF-E2 (p45), and Pol II from the LCR
in the presence of the adult �-globin gene promoter (Fig. 5B),
suggesting that the promoter efficiently competes for the bind-
ing of these proteins. We observed a reproducible decrease in
the dissociation of Pol II from the immobilized LCR if �-
globin templates were used that carry mutations in an E-box
located 60 bp downstream of the transcription initiation sites
(�60Eboxmut; Fig. 5C). We previously demonstrated that this
E-box interacts with USF and is required for the efficient in
vitro transcription of the �-globin gene (16). A mutation of a
partial MARE sequence (NF-E2mut1) in the downstream pro-
moter region did not affect �-globin promoter-mediated disso-
ciation of Pol II from the LCR. Expression of a dominant nega-
tive mutant of USF (A-USF) in MEL cells reduced recruitment
of Pol II to LCR HS2 and to the adult �-globin gene promoter
(13). Interestingly, the addition of A-USF increased the disso-
ciation of Pol II from the LCR even in the absence of a �-globin
gene promoter, whereas BSA, AAVRep protein, or NF-E2were
all unable to do so (Fig. 5D). We have shown previously that
NF-E2 increases the efficiency of transfer of Pol II from the LCR
to the adult �-globin gene promoter (45). We show here that
NF-E2 only facilitated dissociation of Pol II from the LCR in the
presence of the adult �-globin gene promoter (Fig. 5D). The
fact that the USF-binding site is required for efficient dissocia-
tion/transfer suggests that USF may be required to stabilize
NF-E2 binding at the promoter, which lacks a consensus
MARE.
We next verified some of the results from the in vitro disso-

ciation experiment using a quantitative assay in which we per-
formed the incubation experiments as described above but ana-
lyzed the transfer of Pol II from the LCR to the �-globin gene
promoter by cross-linking and subsequent IP with Pol II-spe-
cific antibodies. The DNA was isolated from the precipitated
material and analyzed by quantitative PCR using primers that
amplify a fragment from the �-globin gene (��) or the mutant
�-globin gene lacking the promoter (��). Pol II was transferred
from the LCR to the �-globin gene in a promoter-dependent
manner, and NF-E2, but not A-USF, facilitated the transfer of
Pol II to the �-globin gene (Fig. 5E). To control for the initial
amount of Pol II recruited to the LCR, we performed Western
blotting experiments. The data demonstrate that all samples
analyzed quantitatively had about the same amount of Pol II

recruited to the LCR before dissociation/transfer was analyzed.
The fact that A-USF did not affect recruitment of Pol II to the
�-globin gene promoter is probably due to the fact that it
increases dissociation of Pol II from the LCR but that it will at
the same time reduce recruitment of Pol II to the �-globin gene
promoter.

DISCUSSION

Previous studies have shown that �-globin LCR HS sites
recruit transcription complexes and that the LCR is required
for the association of the�-globin gene locuswith transcription
factories (45, 50, 53, 54). Furthermore, long intergenic noncod-
ing transcripts originate from within or upstream of the LCR
and are detectable throughout the globin gene locus in a devel-
opmental stage-specific manner (51). During differentiation of
erythroid cells, transcription complexes and other activities
first associate with the LCR before they are detectable at the
globin gene promoters (43, 55, 56). These data suggest that the
LCR is the primary attachment site for the recruitment of tran-
scription complexes and these complexes are delivered to the
globin gene locus by a tracking, linking, or looping mechanism
(57). Not consistent with this model, however, is the observa-
tion that, even in the absence of the LCR, Pol II is efficiently
recruited to the adult �-globin gene promoter, although it
exhibits defects in elongation of transcription (58). Sawado et
al. (58) discussed the possibility that the LCRprovides activities
for the efficient elongation of Pol II at the �-globin gene pro-
moter. If Pol II is first recruited to the LCR, another possibility
is that elongation-competent transcription complexes are
assembled at the LCR and transferred to high affinity globin
gene promoters. In other words, close proximity to the LCR
would favor recruitment of elongation-active transcription
complexes to the adult �-globin gene promoter.

To further elucidate how the LCR and interacting proteins
mediate recruitment and activity of Pol II in the �-globin gene
locus, we analyzed MEL cells expressing or not expressing
NF-E2 (p45). NF-E2 (p45) has previously been shown to be
required for the recruitment of Pol II to the adult �-globin gene
promoter but not to the LCR. We demonstrate here that Pol II
is efficiently recruited to LCRHS2 but not to the �-globin gene
promoter in undifferentiatedMEL cells (Fig. 3). Recruitment of
Pol II to LCR HS2 is inefficient in the absence of NF-E2 (p45).
Perhaps more importantly, however, is the observation that in
the absence of NF-E2 (p45), there is no phosphorylated Pol II
detectable at LCRHS2 or the �maj-globin gene promoter. This
result suggests that NF-E2 (p45) is not only important for the
efficient recruitment of Pol II to the globin gene locus but plays
an important role in converting Pol II into an elongation-com-
petent form, as has been discussed previously by Sawado et al.
(18, 58). Re-expression of p45 in NF-E2-deficient CB3 cells
caused a strong increase in the recruitment of Pol II at the
�maj-globin gene promoter. Expression of p45 also led to the
phosphorylation of Pol II at the promoter but not at LCR HS2.
This result is interesting and somewhat contrasts with the find-
ings in MEL cells showing that Ser-5-phosphorylated Pol II is
first detectable at the LCR during DMSO-induced differentia-
tion. Expression of relatively high levels of p45 in uninduced
CB3 cells probably causes the local remodeling of the chroma-
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tin structure at the�maj-globin gene promoter, consistent with
findings from the Brand and Bresnick laboratories (26, 59).
According to the transfer model, the open chromatin structure
at the promoter would lead to the efficient transfer of Ser-5-
phosphorylatedPol II to the promoter.Alternatively, theNF-E2
(p45)-induced opening of the chromatin structure at the adult
globin gene promoter may bypass the need for LCR-mediated
Pol II recruitment. In this respect, it will be interesting to exam-
ine proximity between the LCR and the adult �-globin gene
promoter in the CB3/NF-E2 cells. CB3 cells reveal reduced lev-
els of GATA-1 binding to the �maj-globin gene (60). Previous
work has shown that GATA-1 is required for mediating prox-
imity between the LCR and the �-globin gene promoter (61).
Therefore, proximity between the LCR and the�-globin gene is
probably not established in CB3 cells.
We detected low levels of unphosphorylated Pol II binding at

the adult �-globin promoter in uninduced MEL cells, which
could be recruited to the �maj-globin gene in an LCR-depen-
dent or -independent manner in undifferentiated cells. We
observed that, along with Pol II, USF2, MafK, and TFIIB are
already associated with LCR HS2 and with the adult �-globin
gene promoter in undifferentiated MEL cells, whereas USF1,
CBP, and NF-E2 (p45) only associate with HS2 in undifferenti-
ated cells. Using co-IP, we found that after differentiation of
MEL cells, there is an increased interaction ofUSF2withNF-E2

(p45), USF1, and Pol II (Fig. 4). This
is accompanied by an increased
recruitment of all of these proteins
to the �-globin gene locus. Previous
studies had already shown that the
NF-E2 activity increases during dif-
ferentiation of erythroid cells (62).
We suggest that increased expres-
sion of USF and NF-E2 facilitate the
formation of large protein com-
plexes that regulate Pol II recruit-
ment and activity in the �-globin
gene locus.
We propose that partial elonga-

tion-incompetent transcription com-
plexes are first assembled at the
LCR in undifferentiated MEL cells.
This is in part mediated by USF2,
CBP, and TFIIB. Our previous data
showing that expression of a domi-
nant negative mutant of USF in
undifferentiated MEL cells reduces
the recruitment of Pol II to LCR
HS2 (13) are consistent with the
hypothesis that USF participates in
the recruitment of Pol II to the LCR
in undifferentiated MEL cells. Dur-
ingdifferentiation, an increase in ex-
pression of NF-E2 (p45), USF, and
other proteins leads to the efficient
recruitment of additional activities
to the LCR, including those that
convert Pol II from a transcription-

ally inert to a transcriptionally competent form. The assembly
of elongation-competent transcription complexes is accompa-
nied by a conformational change in the globin gene locus that
brings the adult �-globin gene in close proximity to the LCR
(Fig. 6) (63). The presence of high affinity basal promoter ele-
ments in the adult �-globin gene promoter facilitates the trans-
fer of elongation competent transcription complexes to the
promoter. The transfer is mediated at least in part by NF-E2.
However, the association of NF-E2 with the �-globin gene pro-
moter is probably stabilized through its interaction with USF
and the presence of USF binding sites. The in vitro Pol II trans-
fer experiments revealed that NF-E2 is able to dissociate Pol II
from the LCR and that this process requires the presence of a
�-globin promoter template. The transfer of Pol II to the pro-
moter also required a binding site for USF (Fig. 5C). These data
are consistent with our findings from MEL cells and further
demonstrate that USF and NF-E2 cooperate to mediate the
transfer/recruitment of Pol II to the adult �-globin promoter.
The function of NF-E2 in vivo is probably more complex,
involving the remodeling of chromatin structure at the adult
�-globin gene promoter, which would further facilitate recruit-
ment of the transcription complex.
The maintenance of proximity between the LCR and pro-

moter guarantees the continued loading of elongation-compe-
tent transcription complexes to the adult �-globin gene pro-

FIGURE 6. Model of NF-E2 and USF mediated assembly and transfer of elongation competent transcrip-
tion complexes in the �-globin gene locus. Incomplete elongation-incompetent Pol II transcription com-
plexes are first recruited to the LCR. This is mediated in part by USF2, its associated co-factor CBP, TFIIB, and
other proteins. After erythroid differentiation expression of NF-E2 (p45) and USF increases and these proteins
efficiently associate with the LCR. This leads to the recruitment or assembly of transcriptionally competent Pol
II complexes and phosphorylation of the Pol II CTD. The differentiation of erythroid cells is also accompanied by
a conformational change in the globin locus that juxtaposes the adult globin gene with the LCR. This facilitates
the transfer of elongation-competent transcription complexes from the LCR to the adult globin gene.

USF and NF-E2 Regulate Recruitment and Activity of Pol II

MAY 21, 2010 • VOLUME 285 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 15903



moter (Fig. 6). It is also possible, however, that the con-
formational change bringing the �-globin gene into close prox-
imity to the LCR precedes the assembly of active transcription
complexes. Our data do not clearly distinguish between these
two possibilities. The only piece of evidence arguing for LCR-
mediated assembly of elongation-competent transcription
complexes is the observation that Ser-5-phosphorylated Pol II
is first detectable at LCRHS2 during the differentiation ofMEL
cells.
In contrast to other hematopoietic specific transcription fac-

tors, such as GATA-1, Fog-1, EKLF, and NL1, NF-E2 (p45) is
not critical for mediating proximity between the LCR and the
adult �-globin gene or for the formation of an active chromatin
hub (61, 64–66). However, our data suggest that NF-E2 and
USF function in the context of the active chromatin hub and
perhaps mediate the assembly of elongation-competent tran-
scription complexes at the LCR and at the adult �-globin gene
promoter. We have characterized proteins that associate with
USF1 in HeLa cells.3 Interestingly, three of these proteins are
implicated in the recruitment and activity of Pol II. These pro-
teins are TAF4 and -6 (TBP-associated factors 4 and 6) as well
as the elongation factor EFIA2. In this respect, it is interesting
to note that USF1 only associates with Pol II and the �-globin
gene locus after differentiation of erythroid cells.
Many proteins contribute to expression of the globin gene

locus, and NF-E2 and USF function within a cascade of events
that regulate accessibility and location of the globin genes in the
nucleus (10). It will be increasingly important to determine how
the different transcription factors function together to mediate
extremely high level transcription of the �-like globin genes
during erythroid differentiation and development. Another
protein that acts at the adult �-globin gene is EKLF, which
recruits chromatin remodeling complexes to the promoter but
also contacts components of the transcription initiation com-
plex (67–69). Future studies will address if and howEKLF com-
municates with USF and NF-E2 in regulating expression of the
adult �-globin gene.
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