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In the course of studying regulatory elements that affect avian embryonic r-globin gene expression, the
multipotential hematopoietic cell line K562 was transiently transfected with various r-globin gene constructs
containing or lacking an avian erythroid enhancer element. Enhanced levels of r gene expression were seen
from those constructs containing an enhancer element and minimal 5* or 3* flanking r sequences but were not
seen from enhancer-containing constructs that included extensive 5* and 3* flanking sequences. Deletion
analysis localized 5* and 3* ‘‘enhancer-silencing elements’’ to 22140 to 22000 and 11865 to 12180 relative to
the mRNA cap site. A third element required for enhancer silencing was identified within the second intron of
the r gene. The treatment of K562 cells with hemin, which induces erythroid differentiation, partially alleviated
the enhancer-silencing effect. The silencer elements were able to block enhancement from a murine erythroid
enhancer, but not from a nonerythroid enhancer. Electrophoretic mobility shift assays demonstrated that the
transcription factor YY1 is able to bind both the 5* and 3* enhancer silencer elements; a point mutation of the
single overlapping YY1/NF-Y binding site in the 3* element completely abolished the enhancer-silencing effect.
These results demonstrate a complex enhancer silencer that requires 5* flanking, intronic, and 3* flanking se-
quences for a single regulatory effect on a eukaryotic gene.

The control of transcription is a primary mechanism through
which the regulation of vertebrate b-type globin genes is
achieved. In the chicken, the embryonic r and ε genes are
expressed in primitive erythroid cells through day 5 of devel-
opment, after which expression of the bH and b genes begins in
definitive erythroid cells (3). The chicken b-like globin gene
cluster is arranged such that the embryonic genes flank the
adult genes, 59-r-bH-b-ε-39. In contrast, the genes of the hu-
man b-like globin cluster are arranged 59 to 39 in the order in
which the genes are expressed in development. Human globin
genes are expressed in the following developmental stages: the
ε gene is expressed in the embryonic stage, with expression of
the Gg and Ag genes in the fetal stage and expression of the d
and b genes in the adult stage (reviewed in reference 50).
These differences, coupled with the evolutionary divergence of
birds and mammals before the duplication of the primordial
b-type globin gene (45), might suggest that the mechanisms of
developmental regulation between the species would be vari-
ant. However, studies using murine erythroleukemia cells and
transgenic mice have shown that the genes of both the human
(reviewed in reference 50) and chicken (20, 33) b-globin clus-
ters are correctly expressed in murine development, suggesting
that at least a majority of the factors responsible for stage- and
tissue-specific globin gene expression have been conserved
through the divergent evolution of birds and mammals.
The human b-globin cluster contains a series of erythroid

cell-specific DNase I-hypersensitive sites (HS) upstream of the
globin genes; these sites, collectively known as the locus con-
trol region (LCR) are necessary for high-level, position-inde-
pendent gene expression in transgenic mice, as well as for
chromatin opening in early erythroid cells (16–18, 22, 51).

DNase I-HS with analogous functions have also been identified
in the upstream region of the mouse b-globin locus (references
29, 30, and 36 and references therein). The chicken b-globin
locus contains a similarly positioned set of upstream DNase
I-HS, as well as a downstream HS between the b and ε genes
that acts as a strong erythroid enhancer (9, 27, 33). It has been
shown that both the downstream and upstream HS are critical
to the expression of the chicken b-like globin genes in trans-
genic mice (33). Upstream HS2 and -3 have previously been
shown individually to have moderate enhancer activity (1); in
this paper, we show that upstream HS1 to -3 act together as a
strong enhancer element.
The complex regulation of globin gene expression involves

the positive influence of several erythroid cell-specific tran-
scription factors. Binding sites for the erythroid cell-specific
factors GATA-1 and NF-E2 (and related factors) have been
identified in the promoters of all globin genes (and some non-
globin, erythroid cell-specific genes), as well as within the HS
of the human LCR (50). The binding of these factors has been
shown to be important for the enhancer capabilities of 59 HS2
of the human LCR and, in some cases, for promoter function
(reviewed in reference 50). In addition, potential binding sites
for erythroid Krüppel-like factor, another erythroid cell-spe-
cific transcription factor identified by Miller and Bieker (35),
have been found in the promoters of a number of globin genes,
as well as in 59 HS2 of the human LCR. To date, erythroid
Krüppel-like factor seems to exert its influence primarily on
transcription from the adult human b-globin gene promoter
(12, 15, 35). However, the expression of some of these ery-
throid cell-specific factors has been shown to begin prior to the
commitment of multilineage hematopoietic progenitor cells to
the erythroid lineage (26, 34, 43). In addition, Jiménez et al.
[30] have shown that 59HS1 and 59HS2 of the murine LCR are
open and hypersensitive in multilineage hematopoietic progen-
itor cells. Therefore, it is reasonable to speculate that negative
regulatory systems might exist to prevent the expression of
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globin genes in hematopoietic progenitors prior to full com-
mitment to the erythroid lineage.
The regulation of globin gene expression also has been

shown to involve the action of negative elements, such as the
promoter silencer element located in the upstream flanking
sequences of the human ε-globin gene (6). Further studies
have suggested that this region binds GATA-1 and the ubiq-
uitous transcription factor YY1; the binding of YY1 displaces
GATA-1 and represses transcription (25, 42). YY1, a protein
that has been shown in different contexts to activate, repress,
or initiate transcription (reviewed in reference 48), also binds
within a putative repressor region located upstream of the
human g-globin gene (23). Recently, along with GATA-1 YY1
was shown to contribute to developmental stage-specific re-
pression of the human ε-globin gene in transgenic mice (44).
In studies of the transient expression of the avian embryonic

r-globin gene in the human erythroleukemic cell line K562, a
multipotential cell line possessing erythroid as well as myeloid
and megakaryocytic progenitor potential, a series of elements
that act together to silence the effect of strong erythroid cell-
specific enhancers on the promoter were identified. These ‘‘en-
hancer silencer elements’’ did not, however, block enhance-
ment from an equally strong nonerythroid enhancer. This
enhancer-silencing effect was partially abrogated by the treat-
ment of K562 cells with hemin, which induces increased, but
not complete, erythroid differentiation of these cells. To our
knowledge, this is the first description of a eukaryotic gene
regulatory effect requiring the cooperative interaction of 59,
intronic, and 39 sequence elements.

MATERIALS AND METHODS

Cell culture. K562 cells (ATCC CCL243) were cultured in RPMI 1640 me-
dium supplemented with 10% fetal calf serum, glutamine, penicillin, and strep-
tomycin. In some experiments, cells were induced by the addition of 20 mM
hemin (Sigma). Primary avian erythroid cells were cultured after transfection in
Leibovitz’s L15 medium supplemented with 3.6% fetal calf serum, 22% chicken
serum, glutamine, penicillin, and streptomycin (32).
Globin gene constructs. Construct pR contains a 4.6-kb r gene HindIII frag-

ment (14) extending from approximately 2,400 bp upstream of the cap site to
1,200 bp downstream of the poly(A) site. All other constructs have the coordi-
nates (relative to the cap site) listed in the corresponding figures. Construct pR3a
was generated by partial digestion to truncate the 39 end of pR.
Construct pR3 was generated by partial digestion of construct pR to truncate

the 39 end of the r fragment. Constructs pR5a and pR5b were generated by PCR
amplification of pR with appropriate primers to generate constructs truncated
from the 59 end of the r fragment. Construct pR5c was generated by partial
digestion of pR to truncate the 59 end of the r fragment. Constructs pRDI,
pRDI39, and pRDI59 were generated by PCR amplification of pR with internal
primers designed to delete either the entirety 39 or 59 portions of intron 2,
respectively.
Constructs pR3a-1, pR3a-1b/ε, pR3a-2b/ε, and pR3a-3b/ε were constructed by

combined PCR amplification and restriction enzyme digestion to contain various
fragments of the 39 enhancer silencer element (see Fig. 2A). These fragments
were then inserted downstream of the r fragment in either construct pR3a or
construct pR3b/εa. Construct pR3a-2mb/ε was generated by overlapping PCR
mutagenesis (references 31 and 46 and references therein) of the 39 enhancer
silencer element (11865 to 12180) with appropriate external primers and in-
ternal primers spanning and mutating the putative YY1 site in this element (see
Fig. 6), with subsequent insertion of this PCR product downstream of the r
fragment in construct pR3b/εa. The final construct was sequenced to confirm
mutation of only the appropriate sequence.
Constructs with the designation b/ε include a 480-bp fragment of the chick

b-globin locus which contains the enhancer situated between the b and ε genes
(Fig. 1). Constructs with the designation 5HS include a 4.0-kb fragment of the
chick b-globin gene locus which contains upstream HS1, -2, and -3 (Fig. 1).
Constructs with the designation RSV include a 250-bp fragment containing the
Rous sarcoma virus (RSV) enhancer. Constructs with the designation mH2
include a 1.1-kb fragment of the murine b-globin LCR (kindly provided by Tim
Ley) that contains 59 HS2.
Transfection. K562 transient transfectants were generated by electroporation

with a BTX transfector ECM 600 (Biotechnologies and Experimental Research,
Inc.) and a 1.9-mm-gap electrode. Transfections were performed essentially as
described previously (20) with the following modifications. Transfections were

performed at room temperature, and each transfection contained supercoiled
RSV-neo or SV40-CAT as internal transfection controls. Cells were incubated
after electroporation for 40 to 48 h before being harvested. Each construct was
transfected in quadruplicate in each experiment.
Primary avian erythroid cell transfections were performed by the protocol of

Lieber et al. (32), except that osmotic shock was in 300 mM NH4Cl (pH 7.4) for
60 min at room temperature. Cells were cultured for 40 to 48 h in 10 ml of
Leibovitz’s culture medium, as described above. Each construct was transfected
in triplicate.
Cell harvesting. To obtain RNA, transfections of the same construct were

pooled and RNA was harvested as previously described (8, 20). To obtain
cytoplasmic extracts for chloramphenicol acetyltransferase (CAT) assay, cells
from individual transfections (K562 cells or primary erythroid cells) were har-
vested according to the method of Gorman et al. (21).
CAT assay. Cytoplasmic extracts were assayed for CAT activities by using a

liquid scintillation assay kit (catalog no. E1000; Promega, Madison, Wis.). After
extraction, reactions were counted in a Beckman scintillation counter (model
LS1801). As the variation between the three independent assays for each con-
struct was #10%, the results expressed are mean values.
RNase protection assay. The generation of single-stranded, labeled cRNA

probes and subsequent analysis of mRNA levels by RNase protection assay were
done as previously described (4, 20). RNA from K562 transfectants was analyzed
for expression of the transfected r construct, the cotransfected RSV-neo con-
struct (as a control for transfection efficiency), and the endogenous human
triose-phosphate isomerase (hTPI) gene (as a control for RNA quantitation).
The hTPI probe was a kind gift from Lynne Maquat (Roswell Park Cancer
Institute). Expression levels were quantitated on a Molecular Dynamics densi-
tometer; the results cited have been corrected for transfection efficiency and
RNA quantitation.
Electrophoretic mobility shift assays. DNA probes were end labeled with

[g-32P]ATP by using T4 polynucleotide kinase (Pharmacia). K562 nuclear pro-
tein extracts were prepared according to the method of Dignam et al. (13). Probe
(54 to 56 fmol) was incubated with K562 nuclear extract (20 to 40 mg) in 20 mM
HEPES (pH 7.9) (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)–60 mM
KCl–1 mM MgCl2–0.1 mM EDTA–12% glycerol–1 mM dithiothreitol (24). Two
micrograms of poly(dI-dC) was added per reaction as a nonspecific competitor;
specific competitors were added at 25- to 500-fold molar excesses, as indicated.
Reaction mixtures were incubated for 40 min at 48C. Supershift reaction mixtures
contained 2 mg of either polyclonal YY1 or NF-Y-A antibody or control preim-
mune serum and were incubated for 60 min at 48C. Reaction products were
electrophoresed on a 4% acrylamide gel in 0.53 TBE (45 mM Tris, 44 mM boric
acid, 1 mM EDTA); gels were then dried and autoradiographed.

RESULTS

Enhancement of r gene expression is silenced by 5* and 3*
flanking sequences. Previous studies using K562 cells have
identified positive and/or negative elements involved in the
developmental regulation of both the human embryonic ε-glo-
bin (6, 23, 42) and fetal g-globin (23, 28) genes. In addition,
studies by Glauber et al. (20) and Mason et al. (33) have
indicated that intact chicken b-like globin genes are efficiently
expressed and developmentally regulated in murine erythro-
leukemia cells and transgenic mice, respectively, suggesting an
evolutionary conservation between birds and mammals of fac-
tors necessary for correct regulation of globin gene expression.
Therefore, we transiently transfected constructs containing the
avian embryonic r-globin gene and various lengths of 59 and/or
39 flanking sequences into K562 cells in order to identify po-
tential regulatory elements. These constructs either contained
or lacked the strong avian erythroid enhancer from the region
between the b and ε genes (Fig. 1A; henceforth referred to as
the 39 b/ε enhancer). Subsequent to the initial design of these
constructs, the results of Mason et al. (33) showed that the 59
DNase I-HS located upstream of the r gene were critical for
the expression of the r gene in transgenic mice. Therefore,
additional constructs were made to test if 59 HS1, -2, and -3
could together act as an enhancer of expression from the r
promoter (Fig. 1A [5HS]). 59 HS4 was not included in these
constructs, as it is not erythroid cell specific (10).
The expression of the enhancerless pR3a construct (Fig. 1B,

lane 4), which lacks 39 flanking sequences, was consistently 1.5-
to 2-fold higher than that of the enhancerless pR construct
(lane 1), which contains both 59 and 39 flanking sequences.
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However, the expression of additional constructs lacking 59 or
39 flanking sequences, including pR3c and pR5a, was equiva-
lent to that of the pR construct (Fig. 1A and B [lanes 1, 7, and
9]). The small differences in expression between the pR3a
construct and other constructs were not considered significant
and were not pursued further.
In contrast, a striking difference in the expression from these

constructs was observed when an avian erythroid enhancer was
added. When the 39 b/ε enhancer was included in a construct
containing both 59 and 39 distal flanking sequences, construct
pRb/ε (Fig. 1A), no additional expression was seen (Fig. 1B,
lane 3). However, when the same enhancer was included in
constructs with less 39 flanking sequence or less 59 flanking
sequence (constructs pR3b/εa, pR3b/εc, and pR5b/εa [Fig.
1A]), the expression levels increased by 6- to 10-fold (Fig. 1B,

lanes 6, 8, and 10, respectively). When 5HS was included in
enhancerless constructs, a similar effect was seen. The con-
struct lacking 39 flanking sequences exhibited an approximately
6- to 10-fold increase in expression when these HS were added
(Fig. 1B, lane 5), demonstrating that together HS1 to -3 of the
avian b-globin locus are capable of enhancing r gene expres-
sion as much as the 39 b/ε enhancer in K562 cells (Fig. 1B;
compare lanes 5 and 6). However, when both 59 and 39 flanking
sequences were present, these HS had no effect on expression
from the r promoter, a result identical to that observed with
the 39 b/ε enhancer (Fig. 1B, lane 2). These data demonstrate
that elements in the 59 and 39 distal flanking sequences of the
r gene are capable of silencing enhancement from both the 39
b/ε enhancer and 59HS. These experiments indicate that the 59
element involved in silencing the enhancer is located between

FIG. 1. (A) Schematic illustration of the chicken b-globin gene cluster,
shown in the 59-to-39 orientation. Shown below are the constructs used in panel
B; the name of each construct is indicated on the left. Numbers indicate positions
relative to the mRNA cap site of the r gene. Solid boxes represent exons; each
striped box represents the 39 b/ε enhancer element; and stippled boxes represent
59 HS2 and -3 from upstream of the r gene. A thick line represents r sequence;
a thin line represents intervening vector sequence. (B) RNase protection assay of
RNAs from K562 cells transiently cotransfected with RSV-neo and the con-
structs shown in panel A. The 140- and 110-nucleotide (nt) protected fragments
for the r probe (Rho) correspond to correctly initiated and processed r-globin
mRNA. The 360-nt protected fragment corresponds to expression of the cotrans-
fected neo gene transcript (Neo), a control for transfection efficiency. RNA was
also probed for expression of the endogenous hTPI gene as a control for RNA
quantitation (data not shown). Expression levels were quantitated with a Mo-
lecular Dynamics densitometer; the r expression results presented in the text
have been normalized for transfection efficiency and RNA quantitation.
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22400 and 2800 and that the 39 silencer element is located
between 11725 and 12245 (relative to the mRNA cap site).
The increase in basal promoter activity seen with construct
pR3a was not present for any of the other enhancerless con-
structs, indicating that sequences between 11300 and 11725
are responsible for the suppression of this activity. Thus, the
sequences between 22400 and 2800 and between 11725 and
12245 appear to be involved only in silencing the effects of the
39 b/ε and 59 HS enhancers. For this reason we have chosen to
refer to these elements as enhancer silencer elements (ESE).
The 5* ESE is located between22140 and22000 (relative to

the mRNA cap site). To further define the 59 ESE, deletions
were made (see Materials and Methods) from the 59 end of the
r fragment in constructs pR and pRb/ε, generating constructs
pR5b, pR5c, pR5b/εb, and pR5b/εc (Fig. 2A). Transient trans-
fections of these constructs into K562 cells showed that the
levels of expression of constructs pR5b (Fig. 2B, lane 3) and
pR5c (lane 5) were the same as that for construct pR (Fig. 2B,
lane 1), suggesting that no negative regulatory elements affect-
ing basal promoter expression reside in the sequences between
22400 and 22000. The expression from construct pR5b/εb
was the same as that from construct pRb/ε; no enhancement of

expression was detected (Fig. 2B, lane 4). In contrast, the level
of expression from construct pR5b/εc (Fig. 2B, lane 6) was six-
to eightfold higher than that from pRb/ε, indicating that the
enhancement of expression had been restored through dele-
tion of the region between 22140 and 22000. These experi-
ments localize the 59 ESE to between 22140 and 22000 and
indicate that deletion of this element in the absence of an
enhancer does not alter expression from the r promoter.
The 3* ESE is contained within the region 11865 to 12180.

The 39 ESE (11725 to12245) was inserted downstream of the
r fragment in construct pR3a, creating construct pR3a-1 (Fig.
2A). In addition, subfragments of the 39 ESE were generated
(see Materials and Methods) and inserted downstream of the
r fragment in construct pR3a, with subsequent insertion of the
39 b/ε enhancer, resulting in constructs pR3a-1b/ε, pR3a-2b/ε,
and pR3a-3b/ε (Fig. 2A). When transiently transfected into
K562 cells and analyzed for mRNA expression by RNase pro-
tection assay, construct pR3a-1 gave the same level of expres-
sion as that of construct pR3a (Fig. 2C), confirming the fact
that the 39 ESE in the absence of an enhancer had no effect on
expression from the r promoter. In contrast, construct pR3a-
1b/ε showed no enhancement of expression (Fig. 2C, lane 3),

FIG. 2. (A) Schematic illustrations of the constructs used in this RNase protection assay. The name of each construct is indicated on the left. Numbers indicate
positions relative to the mRNA cap site. Solid boxes represent exons, striped boxes represent the 39 b/ε enhancer, and dotted boxes represent various portions of the
39 ESE. Thick and thin lines represent r and vector sequences, respectively. (B and C) RNase protection assay of RNAs from K562 cells transiently cotransfected with
RSV-neo and the constructs depicted in panel A. The probe fragments and expression quantitation are the same as those indicated in the legend to Fig. 1.
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thus confirming the enhancer silencer activity of the 39 ESE.
Construct pR3a-2b/ε also demonstrated no enhancement of
expression (Fig. 2C, lane 4), thus localizing the 39 ESE to
between 11865 and 12180. Construct pR3a-3b/ε, however,
exhibited an expression level six- to ninefold greater than that
seen for construct pRb/ε (Fig. 2C, lane 5), indicating that the
region between 11725 and 12015 did not completely contain
the 39 ESE. Taken together, these results show that the 39 ESE
is contained within sequences between 11865 and 12180.
An intragenic region of the r gene is necessary for the

enhancer-silencing effect. In order to determine if the ESE
could exert an effect on nontransformed erythroid cells, the
activities of the 59 and 39 ESE were tested in both primitive and
definitive primary avian erythroid cells. Constructs were made
by linking the r promoter and 59 flanking sequences (22400
to 11, therefore including the 59 ESE) (Fig. 3) to the CAT
reporter gene; they either contained or lacked the 39 b/ε en-
hancer and the 39 ESE (Fig. 3). These constructs were tran-
siently transfected into 5 (primitive) and 11-day-old (defini-
tive) primary avian erythroid cells, and promoter activity was
measured by CAT assay. In primitive erythroid cells, a 20- to
30-fold enhancement in expression was seen upon inclusion of
the enhancer; this enhancement was not affected by the addi-
tion of the 39 ESE (Fig. 3). Identical results were obtained
when these same constructs were transiently transfected into
definitive erythroid cells (Fig. 3). There are two likely expla-
nations for these results. The first is that the enhancer silencer
effect is peculiar to K562 cells and therefore not observed in
primary avian erythroid cells. The second is that the enhancer
silencer effect requires intragenic sequences (i.e., within the
transcribed region) of the r gene. In order to distinguish be-
tween these two possibilities, the same CAT reporter con-
structs were transiently transfected into K562 cells. In these
experiments, inclusion of the enhancer resulted in an 8- to
10-fold enhancement of expression which was not significantly
decreased by the inclusion of the 39 ESE (Fig. 3). This result
suggests that the enhancer-silencing effect does require an
intragenic region of the r gene.
Intron 2 of the r gene contains a third ESE. Upon inspec-

tion of the primary sequence of the r gene, several potential
binding sites were noted in intron 2 for trans-acting factors
previously shown to be involved in globin gene regulation (see
Fig. 6A). Primers were synthesized to allow the deletion of
intron 2 between 1545 and 1880 by PCR. The coordinates of
this deletion were chosen so as to remove the maximum num-
ber of potential binding sites in intron 2 without disrupting

splicing signals, which are critical to high-level globin gene
expression (2, 11). In the absence of an enhancer, basal ex-
pression of the intron 2-deleted construct (Fig. 4B, lane 3) was
the same as that of the wild-type construct (lane 1), thus ex-
cluding the possibility that the removal of intron 2 results in
altered RNA processing or reduced gene expression. The 39
b/ε enhancer was then added, resulting in construct pRb/εDI
(Fig. 4A). When this construct was transiently transfected into
K562 cells, no enhancer silencing was observed (Fig. 4B, lane
4). These results suggest that the second intron of the r gene

FIG. 3. Relative CAT expression in primitive primary erythroid, definitive primary erythroid, and K562 cells transiently transfected with the indicated constructs.
The r promoter and 59 flanking sequences (22400 to 11) were inserted upstream of the CAT gene in pCATBasic (Promega); the 39 b/ε enhancer and/or the 39 ESE
(11725 to12245) was inserted downstream of the CAT gene. Arrow, transcription start site; rectangle, CAT gene; square, 39 b/ε enhancer; circle, 59 ESE; oval, 39 ESE.
The relative expression values presented are CAT expression levels normalized to cotransfected RSV-bgal expression (data not shown). Each construct was transfected
in triplicate (primary erythroid cells) or quadruplicate (K562 cells) in at least three separate experiments.

FIG. 4. (A) Schematic illustrations of the constructs used in this RNase
protection assay. Numbers represent positions relative to the mRNA cap site.
Solid and striped boxes represent exons and the 39 b/ε enhancer, respectively.
Thick and thin lines represent r and vector sequences, respectively. An upward
notch represents a deletion of all or part of intron 2 of the r gene. (B) RNase
protection assay of RNAs from K562 cells transiently cotransfected with RSV-
neo and the constructs shown in panel A. The probe fragments and expression
quantitation are the same as those indicated in the legend to Fig. 1.
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contains one or more elements required for the enhancer-
silencing effect.
In an attempt to define further the region of intron 2 re-

quired for enhancer silencing, additional primers were made to
include the 59 and 39 portions of intron 2, resulting in con-
structs pRb/εDI39 and pRb/εDI59, respectively (Fig. 4A). As
shown in Fig. 4B, neither of these constructs was able to silence
the effect of the enhancer on expression from the r promoter
(lanes 5 and 6, respectively). These results indicate that both
the 59 and 39 portions of intron 2 are required for the enhanc-
er-silencing effect, thus localizing the intron 2 ESE to se-
quences between 1545 and 1880.
The r gene enhancer-silencing effect is enhancer specific. To

determine if the r gene enhancer-silencing effect is limited to
avian erythroid enhancers, constructs containing 59 HS2 from
the murine b-globin LCR and containing or lacking the 39 ESE
were made. The constructs and the results of these experi-
ments are shown in Fig. 5A. As can be seen, the addition of the
mouse 59 HS2 region to the pR3a construct lacking the 39 ESE
resulted in an approximately 15-fold increase in expression.
The addition of the 39 ESE to this construct resulted in a six-
to eightfold reduction in expression levels (Fig. 5A). Thus, the

presence of all three ESEs results in the same fold reduction in
enhancement from mouse 59 HS2 as that from the avian ery-
throid enhancer elements, thus demonstrating that the enhanc-
er-silencing effect is not specific to avian erythroid enhancers.
In order to determine if the r gene ESE can affect enhance-

ment from a nonerythroid enhancer, constructs linking the
RSV enhancer to the pR and pR3a constructs were made.
These constructs and their expression levels are illustrated in
Fig. 5B. The addition of the RSV enhancer to construct pR3a,
which lacks the 39 ESE, increased expression from the r pro-
moter by about 7.5-fold, which demonstrates approximately
equal strengths for this enhancer and the erythroid cell-specific
enhancers. The addition of this nonerythroid enhancer to con-
struct pR, which contains all three ESE, increased expression
by about 10-fold. Thus, the presence of all three ESE does not
decrease the activity of the RSV enhancer, in contrast to the
six- to eightfold reduction in enhancement from either avian or
murine erythroid cell-specific enhancers. These results suggest
that the enhancer-silencing effect is mediated, at least in part,
through an interaction between the silencer elements and ery-
throid cell-specific enhancers that cannot be duplicated by the
nonerythroid RSV enhancer.

FIG. 5. (A) Relative expression levels in K562 cells of constructs with or
without 59 HS2 of the murine LCR and/or the 39 ESE. The constructs and
construct names are on the left. Numbers indicate positions relative to the
mRNA cap site. The solid and dotted boxes and thick and thin lines are the same
as those indicated in the legend to Fig. 2; a scored box represents 59 HS2 of the
murine LCR. The relative expression values are the levels of r expression for
each construct, quantitated as described in the legend to Fig. 1, with the expres-
sion level of pR3a set at 1. (B) Relative expression levels in K562 cells of
constructs with or without a heterologous enhancer from RSV (RSVenh). The
constructs and construct names are on the left. Numbers indicate positions
relative to the mRNA cap site. The solid boxes and thick and thin lines are the
same as those indicated in the legend to Fig. 1; a hatched box represents
RSVenh. The relative expression values on the right were determined as de-
scribed for panel A, with the expression level of pR set at 1. (C) RNase protec-
tion assay of RNAs from K562 cells transiently cotransfected with SV40-CAT
and the pR3a, 5HSpR3a, pR, and 5HSpR constructs, with subsequent culture in
the absence (2) or presence (1) of 20 mM hemin. (Top) A 16-h exposure of the
gel; (upper middle) a 12-min exposure (short exposure) of the same gel (1/80 of
long exposure); (lower middle) expression of endogenous hTP1 gene, a control
for RNA quantitation; (bottom) expression of the endogenous human g-globin
gene (hGamma), a control for hemin induction. nt, nucleotides.

VOL. 16, 1996 ENHANCER SILENCERS IN THE AVIAN r-GLOBIN GENE 241



Treatment of K562 cells with hemin partially alleviates the
enhancer-silencing effect. In order to determine if the enhanc-
er-silencing effect on embryonic r-globin gene expression in
multipotential K562 cells would function in a more differenti-
ated erythroid cell environment, transient transfectants were
treated immediately posttransfection with 20 mM hemin for 40
to 44 h. Hemin induces the multipotential K562 cells to dif-
ferentiate down the erythroid pathway, as evidenced by three-
to fivefold increases in the expression of endogenous ε-, z-, and
a-globin genes (7). Constructs containing or lacking the up-
stream HS of the avian b-globin locus (Fig. 1A) were chosen
for testing because these sites had been shown by Mason et al.
(33) to be critical for high-level r gene expression in transgenic
mice. The results of these experiments are shown in Fig. 5C.
Hemin-induced erythroid differentiation of K562 cells was
monitored by analyzing the increase in expression of the en-
dogenous human g-globin gene (7). In these experiments, a
consistent two- to threefold increase in g-globin gene expres-
sion was observed (Fig. 5C [bottom panel]). The effect of
hemin on enhancer silencing can best be appreciated by com-
paring the relative expressions of constructs with the same r
gene sequences with or without an enhancer. In the case of
constructs lacking the 39 ESE (pR3a and 5HSpR3a), a signif-
icantly higher level of expression is seen upon the addition of
an enhancer in both untreated and hemin-treated cells. In 39
ESE-containing constructs (pR and 5HSpR), only a slight
(,1.5-fold) increase in expression is observed in the presence
of the enhancer in untreated cells (Fig. 5C; compare lanes 7
and 5 in the top panel), while a fivefold increase is seen after
hemin induction (compare lanes 8 and lane 6 in the top panel).
These data indicate that the treatment of K562 cells with
hemin partially alleviates the enhancer-silencing effect. The
partial alleviation of enhancer silencing through hemin-in-
duced erythroid differentiation of K562 cells could be the re-
sult of the previously described increased activity of erythroid
enhancers in hemin-induced K562 cells (37, 41), which could
then partially overcome the silencing capabilities of the ESE.
Alternatively, this result could reflect the involvement of a
critical silencing factor, whose activity is decreased in hemin-
induced cells. The partial nature of the alleviation of enhancer
silencing through hemin induction may reflect the fact that
hemin treatment does not result in terminal (complete) differ-
entiation down the erythroid pathway.
The transcription factor YY1 binds to both the 5* and 3*

ESE. An inspection of the sequences of the 59, intron 2, and 39
ESE revealed that each of them has one or more potential
binding sites for the transcription factor YY1 (Fig. 6A; poten-
tial YYI sites are indicated by arrows). YY1 is a ubiquitous
transcription factor that in different contexts has been shown to
act as a repressor, activator, or initiator of transcription. Since
YY1 has been shown to bind within repressor regions of both
the human ε- (25, 42) and g (24)-globin gene promoters, we
examined whether YY1 binding could be detected in the r
ESE. The 140-bp 59 ESE (22140 to 22000) was end labeled
with T4 polynucleotide kinase (see Materials and Methods)
and used as a probe in an electrophoretic mobility shift assay.
As shown in Fig. 6B, lane 2, only one binding complex (the
lower arrow) was observed when this probe was incubated with
crude K562 nuclear extract. This complex was efficiently inhib-
ited by both unlabeled 59 ESE (Fig. 6B, lane 3) and an unla-
beled, double-stranded oligonucleotide containing a consensus
YY1 binding site (lane 4). The sequence of the consensus YY1
oligonucleotide is shown in Fig. 6C; the fact that YY1 binds to
this consensus site was verified by gel shift and supershift
assays (data not shown). In addition, the 59 ESE complex was
supershifted by the addition of 2 mg of polyclonal YY1 anti-

body (Santa Cruz Biotechnologies) to the binding reaction
mixture (Fig. 6B, lane 5 [the upper arrow]). Negative control
experiments with preimmune sera excluded a nonspecific an-
tibody interaction (data not shown). This indicates that at least
one of the potential YY1 binding sites in the 59 ESE is capable
of binding the transcription factor YY1.
In order to determine if YY1 also binds to the single poten-

tial site within the 39 ESE, a 185-bp fragment (11995 to
12180) of the 39 ESE was end labeled and tested in a similar
binding assay. The pattern of binding to this fragment with
both crude and partially purified (over a nickel-nitrilotriacetic
acid column [47]) K562 extracts was so complex that YY1
binding could not be clearly distinguished (data not shown).
Therefore, a double-stranded oligonucleotide containing the
putative YY1 site in the 39 ESE was synthesized (Fig. 6C;
wild-type 39 enhancer silencer) and tested in a binding assay
with crude K562 nuclear extract. Two complexes were ob-
served (Fig. 6D, lane 2); both complexes were inhibited by 25-
to 200-fold molar excesses of unlabeled wild-type 39 enhancer
silencer (YY1) oligonucleotide (lanes 3 to 6). The addition of
25- to 200-fold molar excesses of unlabeled consensus YY1
oligonucleotide resulted in competition of only the faster-mi-
grating complex (Fig. 6D, lanes 7 to 10). This suggests that the
formation of the faster-migrating complex involves YY1 bind-
ing and that the formation of the more slowly migrating com-
plex does not involve YY1 binding. This conclusion is sup-
ported by the fact that the addition of YY1 antibody to the
binding reaction mixture supershifts only the faster-migrating
complex (Fig. 6D, lane 11 [middle arrow]). The faster-migrat-
ing complex was completely inhibited by a 25-fold molar excess
of unlabeled YY1 consensus oligonucleotide (Fig. 6D, lane 7),
whereas complete inhibition of this complex by unlabeled wild-
type 39 enhancer silencer oligonucleotide required a 50-fold
molar excess (lane 4). This suggests that the binding of YY1 to
the 39 ESE is slightly weaker than its binding to the consensus
YY1 site.
In an effort to confirm YY1 binding to the site in the 39 ESE,

an additional pair of complementary oligonucleotides contain-
ing a two-base mutation that abolishes the core of the YY1
binding site [mutant 39 enhancer silencer (YY1) (Fig. 6C)]
were annealed and used as an unlabeled competitor for bind-
ing to the wild-type probe at 50- to 500-fold molar excesses. As
shown in Fig. 6D, lanes 12 to 15, this sequence was unable to
compete for the formation of the faster-migrating complex,
even at a 500-fold molar excess (lane 15), confirming that YY1
does not bind efficiently to the mutant sequence. Somewhat
surprisingly, this same mutant oligonucleotide was also unable
to compete for the formation of the more slowly migrating
complex, indicating that the mutated bases are also critical to
the binding of the factor (or factors) involved in the formation
of the more slowly migrating complex.
Further inspection of the sequence of the 39 ESE identified

a putative binding site for the CCAAT box binding factor
NF-Y (Fig. 6A [dashed line]) overlapping the YY1 binding site
(solid arrow) in this element. To determine if the formation of
either of the binding complexes in Fig. 6D involved the binding
of NF-Y, an oligonucleotide containing a consensus NF-Y
binding site (a gift of Linda Burns, University of Minnesota)
was used to compete for binding to the wild-type 39 ESE probe.
As shown in Fig. 6E, when this oligonucleotide was added at a
100- to 500-fold molar excess, it competed for the formation of
the more slowly migrating complex (middle arrow), not the
faster-migrating YY1-containing complex (lower arrow). Fur-
thermore, the addition of 2 mg of polyclonal antibody directed
against the A subunit of NF-Y to the binding reaction mixture
resulted in a supershift of the more slowly migrating complex,
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FIG. 6. (A) Sequences of the 59, intron 2, and 39 ESE; numbers indicate
positions relative to the r mRNA cap site. Potential YY1 sites are indicated by
arrows; the potential NF-Y binding site in the 39 ESE is indicated by a dashed
line. (B) Electrophoretic mobility shift assay with the 59 ESE as probe. Lane 1,
probe alone; lanes 2 to 5, 25 mg of K562 nuclear extract and competition with
100-fold molar excess of unlabeled 59 ESE (lane 3) or unlabeled YY1 consensus
oligonucleotide (shown in panel C; lane 4) or supershift with 2 mg of polyclonal
YY1 antibody (Santa Cruz Biotechnologies) (lane 5). The lower arrow indicates
YY1 binding; the upper arrow indicates the supershifted complex. (C) Sequences
of the YY1 consensus oligonucleotides used in the competitions of panels B and
D, as well as the wild-type and mutant 39 enhancer silencer (YY1) oligonucle-
otides used in panels D and E. Each YY1 site is boxed; mutated bases are shown
in bold. (D) Electrophoretic mobility shift assay with the 39 wild-type (WT)
enhancer silencer (YY1) oligonucleotide as probe. Lane 1, probe alone; lanes 2
to 15, 25 mg of K562 nuclear extract. Lanes 3 to 6, competition with unlabeled
WT 39 enhancer silencer (YY1) at a 25-, 50-, 100-, and 200-fold molar excess,
respectively. Lanes 7 to 10, competition with unlabeled YY1 consensus site
oligonucleotide at a 25-, 50-, 100-, and 200-fold molar excess, respectively. Lane
11, supershift with 2 mg of polyclonal YY1 antibody. Lanes 12 to 15, competition
with unlabeled mutant 39 enhancer silencer (YY1) oligonucleotide at a 50-, 100-,
200-, and 500-fold molar excess, respectively. The bottom arrow indicates YY1
binding; the middle arrow represents a supershift of the YY1-containing com-
plex. (E) Electrophoretic mobility shift assay with the 39 wild-type enhancer
silencer (YY1) oligonucleotide as probe. Lane 1, probe alone, lanes 2 to 6, 25 mg
of K562 nuclear extract. Lanes 3 to 5, competition with unlabeled NF-Y con-
sensus site oligonucleotide at a 100-, 200-, and 500-fold molar excess, respec-
tively. Lane 6, supershift with 2 mg of polyclonal antibody to the A subunit of
NF-Y [NF-Y(A) antibody]. Bottom arrow, YY1-containing complex; middle
arrow, NF-Y-containing complex; top arrow, supershift of NF-Y complex.
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but not the faster-migrating complex (Fig. 6E, lane 6). The
addition of antibody to the B subunit of NF-Y abolished the
formation of the more slowly migrating complex (data not
shown). These data indicate that the formation of the more
slowly migrating complex involves the binding of the transcrip-
tion factor NF-Y.
Mutation of the overlapping YY1/NF-Y binding site in the 3*

ESE abolishes enhancer silencing. The mutant 39 enhancer
silencer oligonucleotides were used in the generation of a
315-bp (11865 to 12180) 39 ESE containing the two-base
mutation depicted in Fig. 6C. This mutant 39 ESE was then
inserted into construct pR3b/εa, generating construct pR3a-
2mb/ε (Fig. 7A). The constructs shown in Fig. 7A were tran-
siently transfected into K562 cells, and expression was analyzed
by RNase protection assay. In these experiments, the enhancer
conferred a 6- to 10-fold increase in expression from the r
promoter in the pR3b/εa construct (which lacks the 39 ESE)
(Fig. 7B, lane 2). The addition of the wild-type 39 ESE com-
pletely silenced this enhancer effect, as previously demon-
strated (Fig. 7B, lane 3). However, the addition of the mutant
39 ESE to the pR3b/εa construct had no effect on the enhanced
level of expression from the r promoter (Fig. 7B, lane 4).
These data show that the two mutated bases in the 39 ESE are
critical to the function of the 39 ESE in particular and thus to
the enhancer-silencing effect in general. The fact that the mu-
tation introduced was in the overlapping YY1/NF-Y binding
site indicates that interactions at this site are important to the
enhancer-silencing effect; however, because the mutation abol-
ished the binding of both YY1 and NF-Y, it is not yet known

whether YY1, NF-Y, or both are required for the enhancer-
silencing effect.

DISCUSSION

In this paper, we have delineated three ESE within the avian
embryonic r-globin gene and its flanking sequences that act
together to silence the enhancement of r gene expression by
erythroid enhancers in human K562 cells, We have also shown
that 59 HS1 to -3 from the avian b-globin locus act together as
an enhancer of r gene expression that is equal in potency to the
39 b/ε enhancer of the avian b-globin locus. In addition, we
have demonstrated that the enhancer-silencing effect in K562
cells can be partially abrogated by the induction of erythroid
differentiation through treatment with hemin. Finally, we have
demonstrated that the transcription factor YY1 can bind to
both the 59 and 39 ESE and that a region of the 39 ESE
containing YY1 and NF-Y binding sites is critical to enhancer
silencer function.
While no striking positive or negative regulatory effects were

identified in the examination of expression from enhancerless
r constructs, a striking negative regulatory effect was identified
when an avian erythroid enhancer was added to these con-
structs. The presence of these silencing elements in the ab-
sence of an enhancer element did not alter basal expression
from the r promoter; therefore, we have chosen to refer to
these sequences as ESE. When an enhancer was included in
constructs lacking 59 or 39 flanking sequences, 6- to 10-fold
increases in expression levels were observed. These increases
were observed with either the 39 enhancer from the avian
b-globin locus (the 39 b/ε enhancer) or 59 HS1 to -3 from the
upstream portion of the avian b-globin locus. When both 59
and 39 flanking sequences were included in the construct, how-
ever, the effect of the enhancer was silenced; no increase in
expression was observed in the presence of either of the avian
erythroid enhancer elements used. Deletional analysis local-
ized the 59 flanking sequence necessary for the silencing effect
to 22140 to 22000 and the necessary 39 flanking sequence to
11865 to 12180. Additional experiments indicated that the
region of intron 2 between 1545 and 1880 (which is most of
intron 2) is also necessary for the enhancer-silencing effect.
Both the 59 and 39 portions of the1545 to1880 region appear
to be critical for the enhancer-silencing effect. It is unclear
whether the middle portion of the intron also is required for
enhancer silencing; it remains possible that the intron 2 ESE
described in this report is composed of two separate, smaller
elements. This possibility is suggested by the presence of YY1
binding sites clustered at the two ends of the intronic silencing
element (Fig. 6A), although direct evidence is lacking.
The binding of the ubiquitously expressed transcription fac-

tor YY1 to the 59 and 39 ESE and the presence of potential
binding sites for this factor within the intron 2 ESE add an
additional level of complexity to any postulated mechanism of
ESE function. Although the results of mutation analysis indi-
cate that the YY1 binding site in the 39 ESE is critical for the
r gene enhancer-silencing effect, the presence of an NF-Y
binding site that is also abolished by the YY1 binding site
mutation makes it impossible to state with certainty that YY1
is required for the enhancer-silencing effect. However, several
lines of evidence suggest that YY1 is involved in the r gene
enhancer-silencing effect. In an analysis of the genes that are
regulated by YY1, Shrivastava and Calame (48) found that the
majority of those genes for which YY1 acts as a repressor of
expression are highly regulated and expressed in a tissue-spe-
cific manner. In analyzing the surrounding sequences of these
YY1 sites, they identified separate consensus sequences for the

FIG. 7. (A) Schematic illustrations of the constructs used in this RNase
protection assay. The name of each construct is indicated on the left. Numbers
indicate positions relative to the mRNA cap site. The solid, striped, and dotted
boxes represent exons, 39 b/ε enhancer, and 39 ESE, respectively. Thick and thin
lines represent r and vector sequences, respectively; XX, the two mutated bases
of the YY1/NF-Y binding sites (Fig. 6A). (B) RNase protection assay of RNAs
from K562 cells transiently cotransfected with RSV-neo and the constructs
shown in panel A. The probe fragments and expression quantitation are the same
as those indicated in the legend to Fig. 1.
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sites in genes at which YY1 acts as an activator, as opposed to
the sites in genes at which YY1 acts as a repressor. Without
exception, the potential YY1 sites identified in the ESE of the
r gene match the repressor consensus sequence more closely
than they do the activator consensus sequence. In addition,
Raich et al. recently reported the involvement of a YY1 site in
the development-specific silencing of the embryonic ε-globin
gene, which may be mediated by interference with the action of
the b-globin LCR on the ε promoter (44). Finally, YY1 has
been shown to repress the expression of the c-fos promoter by
bending the DNA by approximately 808, which blocks the abil-
ity of the cyclic AMP response element to interact with and
stimulate expression from the promoter (40). It seems likely
that if such DNA bending is critical to the enhancer-silencing
effect seen here, which involves three widely separated regu-
latory elements, the effect of bending would be on local factor
binding at each individual element. In this regard, elucidation
of the role of NF-Y and other potential factors binding to the
ESE will be critical to a full understanding of the mechanism of
silencing.
The observation that the r ESE can act on three different

erythroid cell-specific enhancers but not on the equally strong,
non-tissue-specific RSV enhancer suggests that the enhancer-
silencing effect is somehow tissue specific. While this result
does not prove that no nonerythroid enhancer would be af-
fected by the ESE, it does show that this is not an effect
mediated by nonspecific blocking of the promoter. The partial
alleviation of silencing by treatment with hemin could also be
interpreted to suggest that enhancer silencing is a tissue-spe-
cific effect. The silencing of the enhancement of expression of
an embryonic globin gene in the embryonic and fetal erythroid
environment of K562 cells could be due to the influence of
some nonerythroid characteristics of this transformed cell line.
The fact that hemin-induced erythroid differentiation partially
abrogates the enhancer-silencing effect supports the hypothesis
that the effect in untreated cells is the result of the active
influence of some nonerythroid factor in K562 cells or, alter-
natively, of the lack of the fully erythroid environment needed
to overcome silencing. In support of the possibility of a tissue-
specific effect, Jiménez et al. (30) have shown that 59 HS1 and
59 HS2 of the murine LCR are already hypersensitive in mul-
tilineage hematopoietic progenitor cells yet do not stimulate
globin gene transcription. These HS subsequently disappear if
the progenitor cells are induced to differentiate down a non-
erythroid pathway. Other studies have shown that erythroid
cell-specific factors critical to globin gene promoter and ery-
throid LCR enhancer effects, such as GATA-1 and NF-E2,
begin to be expressed prior to full commitment to the erythroid
lineage (26, 34, 43). Therefore, while speculative, it is reason-
able that a negative regulatory system might operate to prevent
the high-level expression of globin genes at a point prior to full
erythroid commitment, when both erythroid cell-specific LCR
HS and erythroid cell-specific factors requisite for enhancer
and promoter function are already present. The proof of such
a role for the enhancer silencer mechanism described here will
require testing in the context of normal hematopoietic progen-
itor cell differentiation; these studies are under way.
Although the classical definition of a silencer includes a

requirement for position- and orientation-independent func-
tion, as well as the ability to affect a heterologous promoter or
enhancer, several silencers that do not fit all of these criteria
have been described. Most of these nonclassical silencers have
been shown to be involved in tissue-specific silencing of gene
expression. Examples include upstream silencers that control
tissue-specific expression of the rat SCG10 gene (38), human
a-fetoprotein gene (39), and human urokinase plasminogen

activator gene (5); a tissue-specific intronic silencer in the
human platelet-derived growth factor A-chain gene (52); and a
tissue-specific bipartite silencer in exon 1 and the border be-
tween exon 1 and intron 1 of the rat osteocalcin gene (19).
Since they did not silence the enhancement from a noneryth-
roid viral enhancer, the ESE described in this report may fit
more appropriately into this latter category of nonclassical
silencers. Finally, while previous reports have described the
involvement of intronic or intronic and flanking (59 or 39)
sequences in the negative regulation of gene expression (19,
49, 52), this report emphasizes the potential complexity of
negative regulation by showing the simultaneous requirement
for 59 flanking, intronic, and 39 flanking sequences in the exe-
cution of a single negative regulatory effect on a eukaryotic
gene.
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1995. GATA1 and YY1 are developmental repressors of the human ε-globin
gene. EMBO J. 14:801–809.

45. Reitman, M., J. A. Grasso, R. Blumenthal, and P. Lewit. 1993. Primary
sequence, evolution and repetitive elements of the Gallus gallus (chicken)
b-globin cluster. Genomics 18:616–626.

46. Sharrocks, A. D., and P. E. Shaw. 1992. Improved primer design for PCR-
based, site-directed mutagenesis. Nucleic Acids Res. 20:1147.

47. Shi, Y., E. Seta, L.-S. Chang, and T. Shenk. 1991. Transcriptional repression
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