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Promoter competition in
globin gene control
Ross C. Hardison | The Pennsylvania State University

In this issue of Blood, in an elegant blending of natural history and modern
directed genome editing, Topfer et al provide strong evidence for a simple
but compelling model of the role of promoter competition in the switching
of hemoglobin production during development.1 Controlling this switch to
reactivate production of fetal hemoglobin (HbF) in adult erythroid cells offers
promising therapeutic avenues for inherited hemoglobinopathies such as
sickle cell disease and b-thalassemia. The study by Topfer et al resolves
some issues that have been under investigation for more than half a century
and culminates in a unifying model for the impact of deletions within the
HBB gene cluster (encoding all the b-like globins) on expression of fetal HBG
genes (HBG1 and HBG2 encoding the Ag- and Gg-globins, respectively).

Genetic studies of inherited diseases
and variants of hemoglobin have
long provided insights and models
for problems in biomedical research,
ranging from regulation of gene ex-
pression to development of novel
therapeutics. For example, in studies
dating back 50 to 60 years, structural
determination of unusual hemoglobins
revealed that Hb Lepore contained a
hybrid of d-globin and b-globin and
Hb Kenya contained a hybrid of
g-globin and b-globin.2 These results
led to a proposed linkage arrange-
ment that allowed formation of these
fusion genes by unequal crossing
over, and they also revealed a striking
contrast in the accompanying pheno-
types (see figure panel A). Hb Lepore
is associated with anemia, and Hb
Kenya is associated with the benign
condition hereditary persistence of
fetal hemoglobin (HPFH). These differ-
ing phenotypes for overlapping gene
fusions suggested that an element in
the differentially deleted region was
required for silencing fetal hemoglo-
bin in adult erythroid cells.2

Over the ensuing decades, myriad stud-
ies greatly increased our understanding
of the HBB gene cluster and elements
regulating tissue-specific and develop-
mental stage–specific expression (see fig-
ure panel B). Binding sites for the
architectural factor CTCF demarcate
domains of chromatin interactions that
separate the HBB cluster from adjacent
regions.3 The locus control region (LCR),
a strong distal enhancer comprising mul-
tiple elements marked by chromatin
accessibility, transcription, active epige-
netic states, and binding by erythroid
transcription factors (eg, Xu et al4), medi-
ates high-level expression of any gene in
the HBB cluster.5 The transcription fac-
tors BCL11A and ZBTB7A play major
roles in adult-stage repression of the
HBG genes,6 with BCL11A binding
directly to regulatory sites upstream of
the HBG genes.7 The DNA interval
encompassing BGLT3 and the pseudo-
gene HBBP1 contacts different regions
of the HBB cluster in fetal and adult
erythroblasts (differential contact region),
which has been implicated in develop-
mental switching.3 Additional regulatory

elements have been mapped upstream
of the HBD gene8 (encoding d-globin)
and distal to the locus. However, these
and many other studies not summarized
here do not fully explain the process of
hemoglobin switching and how it is
impacted by the diverse, naturally occur-
ring mutations found in this gene cluster.

Topfer et al took a new approach to
identifying candidate elements responsi-
ble for elevated levels of HbF in individu-
als who carry deletions within the HBB
cluster. Traditionally, these deletions are
categorized as associated with either
db-thalassemia, which is characterized by
microcytosis and heterocellular HbF, or
with HPFH, a benign condition with
increased, pancellular HbF and morpho-
logically normal erythrocytes. HbF levels
vary considerably among individuals, but
they can be elevated in both conditions.
Focusing on levels of HbF as the relevant
endophenotype, Topfer et al compared
the breakpoints of 23 thalassemia dele-
tions and 13 HPFH deletions (some
shown in figure panel C), all of which
were associated with elevated (.2%)
HbF in adult erythroid cells. A short core
region was common to all these dele-
tions. Remarkably, this core region
encompassed the promoter and first
exon of the HBB gene, which leads to
the hypothesis that loss of the HBB pro-
moter causes the observed increases in
HBG gene expression. Indeed, such an
effect could explain the HbF endopheno-
type for Hb Lepore and Hb Kenya (see
figure panel A). This hypothesis derives
from a model positing that reciprocal
expression of HBB vs HBG is mediated
by competition for the common up-
stream enhancer (LCR).9

Topfer et al tested this hypothesis
through a series of CRISPR/Cas9-directed
mutagenesis experiments. By using the
HUDEP-2 erythroid cell line, which is
capable of undergoing a b- to g-globin
switch, they showed that deletion of the
entire HBB promoter or transcription
factor binding sites within it caused
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Activation of fetal HBG genes by disruption of the HBB promoter supports a model of promoter competition for an enhancer for switching in gene expression. (A) The
globin genes within the HBB cluster are shown with rectangles for exons (red for genes encoding globins, gray for the pseudogene) and triangles for promoters. The
genomic intervals deleted to form fusion genes are indicated as orange rectangles, along with phenotypes in individuals. The interval chr11:5,220,001-5,275,000 in
assembly GRCh38 is shown in reverse orientation so that genes are arranged 59 to 39 left to right. HBE1 encodes the embryonic E-globin; other gene symbols are
defined in the text. (B) An expanded view of the HBB cluster includes surrounding olfactory receptor genes (OR), with genes shown as single rectangles (all are in the
same orientation). Selected regulatory (LCR, 59g indicating sites immediately upstream from the HBG genes, differential contact region [DCR], 23.5 for an element
upstream of HBD,8 P for HBB promoter, and Enh) and structural (CTCF-bound 59HS5, 39HS1, 1145 sites) elements are marked by yellow underlays for the
sequence-based signal tracks of epigenetic features, including occupancy by RNA polymerase II (POL2) in fetal (f) and adult (a) erythroblasts, chromatin accessibility to
DNase or transposase (Assay for Transposase-Accessible Chromatin [ATAC]), and occupancy by GATA1, TAL1, and CTCF in adult erythroblasts and BCL11A in
HUDEP-2 cells. The genomic interval shown is chr11:5 109,001-5,305,000 in reverse orientation. (C) The intervals deleted in several alleles associated with HPFH or
thalassemia (from the HbVar database) are shown as blue rectangles in register with the features shown in panel B; these are a subset of the deletions studied in Topfer
et al. A browser session with the tracks shown in panels B and C allows further exploration and gives links to references and further information (https://main.
genome-browser.bx.psu.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=ross&hgS_otherUserSessionName=BloodCommentary_Crossley and http://
usevision.org). (D) A model for competition between the promoters for the adult HBB gene and the fetal HBG genes for activation by proximity to the LCR enhancer (blue
lobes), encompassing chromatin interaction results from multiple sources.1,3,8 The diagram indicates the shift in promoter interactions with the LCR enhancer upon
disruption of the HBB promoter. The brown disks on the 59g elements represent BCL11A, the gold gradient represents a zone of high transcriptional activity centered on
the LCR, the light brown disk represents a repressive zone, and the gray line represents DNA.
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increased expression of the fetal HBG
genes in cis. Similar results were
observed in primary human erythroblasts,
confirming the hypothesized role of the
HBB promoter in silencing HBG genes in
adult erythroid cells. Was the mecha-
nism through competition for the LCR
enhancer? By using high-resolution map-
ping of chromatin contacts, Topfer et al
observed strong interaction of the HBB
gene with this enhancer in HUDEP-2 cells
with the HBB promoter intact, but those
contacts were diminished upon deletion
of the HBB promoter whereas contacts
with the HBG genes increased. These
results are precisely those predicted by
the promoter competition model (see
figure panel D).

This new work provides compelling sup-
port for a simple enhancer competition
model for switches in gene expression.
However, the simplicity belies the com-
plex and dynamic structures within which
the competition occurs. One can connect
multiple elements implicated in hemo-
globin switching3–8 in a competition
model (see figure panel D), but many
questions are still unanswered. The gene
configurations diagrammed in figure
panel D are static images of interpreta-
tions of population averages in which
the underlying structures are dynamic
and allow for switching between fetal
and adult genes.10 This model also
accommodates the direct repressive
functions of BCL11A and ZBTB7A at the
HBG genes: these factors might create a
local environment that tips the balance
of competition for the LCR in favor of the
adult HBB and HBD genes. Promoter
competition might be modulated further
by architectural elements that facilitate
one configuration over another.3 The
study by Topfer et al joins many recent
articles identifying DNA elements and
transcription factors that have roles in
reactivating fetal HBG genes in adult ery-
throid cells. All of these are candidate
targets for potential therapeutic interven-
tions, which makes this an exciting time
to study hemoglobin switching.
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Epigenetic engineering
empowers T cells
Jayesh V. Tandel and Saar I. Gill | University of Pennsylvania

Functional decline upon repeated stimulation, or exhaustion, is the bugbear
of T-cell–based immunotherapies. Although combining chimeric antigen
receptor (CAR) T cells with immune checkpoint inhibitors is an attractive con-
cept, it is not clear that this approach can rescue already dysfunctional T cells
because deep exhaustion is epigenetically encoded1 and poorly reversible. In
this issue of Blood, Yoshikawa et al2 ablate a transcription factor that is
known to repress T-cell memory formation, leading to enhanced memory
phenotype and cytokine polyfunctionality of tumor-specific T cells.

PR domain zinc finger protein-1 (PRDM1)
encodes Blimp-1, a known repressor of
T-cell memory formation. Adoptive
immunotherapy using CAR-engineered T
cells, T-cell receptor–engineered T cells,
and tumor-infiltrating lymphocytes (TILs)
is efficacious when T cells have pro-
longed persistence,3 whereas terminal
differentiation of T cells and subsequent
loss of memory phenotype hinder robust
antitumor response.4 In this article, the
authors demonstrate a novel approach
of epigenetically reprogramming T-cell
memory state in antitumor T cells by
genetically ablating PRDM1 (Blimp-1), a
known repressor of T-cell memory.5

The transcription factor Blimp-1 is known
to drive differentiation, exhaustion, and
suppression of memory formation in T

cells by downregulating expression of
memory-related genes.5 The authors
deleted PRDM1 in CAR19 T cells using
CRISPR-Cas9 and induced progressive
dysfunction by repeated stimulation with
CD19-expressing target cells. PRDM1
deletion in CAR19 T cells resulted in
increased central memory T-cell (TCM) and
memory stem T-cell (TSCM) subsets upon
antigen restimulation compared with the
control. However, PRDM1 deletion did not
affect the proliferation of T cells. PRDM1-
deficient T cells demonstrated secretion of
multiple cytokines like interleukin-2, inter-
feron-g, and tumor necrosis factor-a. The
authors then demonstrated improved per-
sistence, a superior antitumor effect, and
increased TCM and TSCM in PRDM1-
deficient CAR19 T cells in vivo. PRDM1
deficiency resulted in elevated expression
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