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Previous studies in the mouse have
shown that high levels of �-globin gene
expression in late erythropoiesis depend
on long-range, physical interactions be-
tween remote upstream regulatory ele-
ments and the globin promoters. Using
quantitative chromosome conformation
capture (q3C), we have now analyzed all
interactions between 4 such elements
lying 10 to 50 kb upstream of the human �
cluster and their interactions with the
�-globin promoter. All of these elements

interact with the �-globin gene in an
erythroid-specific manner. These results
were confirmed in a mouse model of
human � globin expression in which the
human cluster replaces the mouse clus-
ter in situ (humanized mouse). We have
also shown that expression and all of the
long-range interactions depend largely
on just one of these elements; removal of
the previously characterized major regu-
latory element (called HS �40) results in
loss of all the interactions and �-globin

expression. Reinsertion of this element
at an ectopic location restores both ex-
pression and the intralocus interactions.
In contrast to other more complex sys-
tems involving multiple upstream ele-
ments and promoters, analysis of the
human �-globin cluster during erythro-
poiesis provides a simple and tractable
model to understand the mechanisms
underlying long-range gene regulation.
(Blood. 2009;114:4253-4260)

Introduction

Analysis of the human globin gene clusters and their associated
mutations that cause thalassemia have elucidated many of the
general principles underlying the regulation of mammalian gene
expression. In many gene clusters there is evidence that remote
regulatory elements are essential for high-level, tissue-specific
expression and that these elements physically interact with their
cognate promoters. These findings pose the general questions of
how such sequences interact with their promoters and how they
influence gene expression. In this study, we have evaluated the
human �-globin cluster as a model to understand the mecha-
nisms underlying long-range regulation of gene expression.

In all mammals studied to date, the �-globin genes appear to
be regulated by one or more of 4 remote, multispecies conserved
sequences (MCS-R1 to R4) corresponding to erythroid-specific
DNase1 hypersensitive sites (DHSs) lying upstream of the
cluster.1 In the mouse �-globin cluster, we have previously
shown that several upstream elements physically interact with
the �-globin promoters late in erythropoiesis as the �-globin
genes are activated.2 However, orthologous upstream elements
may play different roles in different species and the mouse does
not appear to be an ideal model for the human � gene cluster.
Deletion of the most highly conserved, orthologous element
(MCS-R2) leads to almost complete down-regulation of human
� gene expression but to only a modest reduction (�50%) in
mouse �-globin synthesis.3 This suggests that other upstream
elements may interact and/or enhance �-globin expression
independent of MCS-R2 in the mouse,3 possibly including a

hypersensitive site (HS �12) that has no human equivalent and
may be rodent specific.4

A better model is provided by a “humanized” mouse, in
which 87 kb of the mouse � cluster is replaced in situ with
117 kb of the human cluster. This replaces the mouse genes and
regulatory elements with sequences that contain the human
elements and genes in their normal relative positions. The
human MCS-R1 to -R4 correspond to 4 DHSs (HS �48,
HS �40, HS �33, HS �10; Figure 1A), of which MCS-R2
(HS �40) appears to be the major remote, distal enhancer of
adult � gene expression.5 The influence (if any) of the other
elements (HS �48, HS �33, and HS �10) is not clear.1 Here we
have assessed in detail the physical interactions of these
elements with each other and with the �-globin promoter and
shown similar interactions in both normal primary human
erythroblasts and erythroblasts from the humanized mouse.
Furthermore, we demonstrate that in the absence of HS �40 in
the mouse model, in which there is no � gene expression, none
of the remaining upstream elements interacts with the �-globin
promoter. When HS �40 is reinserted at an ectopic site 3� to the
� genes, both the interactions and expression are reinstated.
Therefore, in the human �-globin cluster both physical interac-
tion and enhancement of expression appear to depend predomi-
nantly on a single upstream element (MCS-R2/HS �40). This
provides a relatively simple model for addressing the general
question of how remote upstream regulatory elements interact
with their cognate promoters in vivo.
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Figure 1. Intrachromosomal interactions, between the human �-globin genes and conserved upstream elements. (A) Chromosomal organization of the human �-globin locus
annotated as previously described.23 Red numbers indicate the points (coordinates) analyzed by q3C. q3C assays were performed using HindIII-digested, �xed chromatin from primary
T lymphocytes (gray bars) and primary erythroblasts (red bars), generating restriction fragments of 3 to 5 kb. This allowed us to use q3C to evaluate all interactions between the �-globin
genes and a variety of points along the �-globin cluster, including all the remote upstream elements. Twelve restriction fragments located within (HS �48, HS �46, HS �40, HS �33, and
HS �10 and the �-globin genes) or outside (fragments 53, 189, 218, 380, 401, and 441) the �-globin locus were chosen to determine the locus conformation (A). The shaded area
corresponds to the region containing all sequences that interact with the �-globin genes (B-J). The bar chart (y-axis) shows the enrichment of PCR product (%) normalized to the
enrichment within the human Ercc3 gene (� 100%). This provides an internal, genomic control for the cross-linking procedure and any general changes in nuclear or chromatin structure.24
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Figure 1 (continued). These independent graphs represent a measure of the association between the points indicated (x-axis) to the anchor points (B) �fragment 53,� (C) HS �48,
(D) HS �46, (E) HS �40, (F) HS �33, (G) HS �10, (H) �-globin genes, (I) �fragment 189,� and (J) �fragment 380.� For each new anchor point, a new Taqman probe and reverse primer
were designed and thus results can be compared only within, but not between, each set of graphs. The resolution of this 3C assay can be estimated by comparing �positive� and �negative�
restriction fragments located at a similar distance to their target. For example, the locus position 189 is located 26 kb downstream of �-globin and does not interact, whereas HS �10,
located 26 kb upstream of �-globin, shows a 3-fold enrichment in erythroid cells (H). Data shown represent the average of a least 3 independent experiments using Taqman/real-time PCR.
Error bars denote SEM. Each PCR was performed several times and averaged. Signals were normalized to the total amount of DNA used, estimated with an amplicon located within a
HindIII fragment (Table 1). Coordinates of the points analyzed are indicated on the x-axis.
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