
MOLECULAR AND CELLULAR BIOLOGY, Aug. 2010, p. 3853–3863 Vol. 30, No. 15
0270-7306/10/$12.00 doi:10.1128/MCB.00032-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Gfi1 Expression Is Controlled by Five Distinct Regulatory Regions
Spread over 100 Kilobases, with Scl/Tal1, Gata2, PU.1, Erg,

Meis1, and Runx1 Acting as Upstream Regulators in
Early Hematopoietic Cells�

Nicola K. Wilson, Richard T. Timms, Sarah J. Kinston, Yi-Han Cheng, S. Helen Oram,
Josette-Renee Landry,† Joanne Mullender, Katrin Ottersbach, and Berthold Gottgens*

University of Cambridge Department of Haematology, Cambridge Institute for Medical Research,
Hills Road, Cambridge CB2 0XY, United Kingdom

Received 12 January 2010/Returned for modification 6 March 2010/Accepted 6 May 2010

The growth factor independence 1 (Gfi1) gene was originally discovered in the hematopoietic system, where
it functions as a key regulator of stem cell homeostasis, as well as neutrophil and T-cell development. Outside
the blood system, Gfi1 is essential for inner-ear hair and intestinal secretory cell differentiation. To understand
the regulatory hierarchies within which Gfi1 operates to control these diverse biological functions, we used a
combination of comparative genomics, locus-wide chromatin immunoprecipitation assays, functional valida-
tion in cell lines, and extensive transgenic mouse assays to identify and characterize the complete ensemble of
Gfi1 regulatory elements. This concerted effort identified five distinct regulatory elements spread over 100kb
each driving expression in transgenic mice to a subdomain of endogenous Gfi1. Detailed characterization of an
enhancer 35 kb upstream of Gfi1 demonstrated activity in the dorsal aorta region and fetal liver in transgenic
mice, which was bound by key stem cell transcription factors Scl/Tal1, PU.1/Sfpi1, Runx1, Erg, Meis1, and
Gata2. Taken together, our results reveal the regulatory regions responsible for Gfi1 expression and impor-
tantly establish that Gfi1 expression at the sites of hematopoietic stem cell (HSC) emergence is controlled by
key HSC regulators, thus integrating Gfi1 into the wider HSC regulatory networks.

The growth factor independence 1 gene (Gfi1) was originally
identified in a retroviral screen designed to identify regulatory
pathways that could initiate interleukin-2 independence in T
cells (7). Gfi1 is the founding member of a small family of
transcription factors and contains six C-terminal zinc fingers,
as well as an N-terminal SNAG domain, which function as
DNA-binding and transcriptional repressor domains, respec-
tively (9, 41). Gfi1 is expressed in hematopoietic stem cells
(HSCs) (11), specific subsets of T cells (39), granulocytes,
monocytes, and activated macrophages (13). Outside the he-
matopoietic system, Gfi1 expression has been reported within
sensory epithelia, the lungs, neuronal precursors, the inner ear,
and intestinal epithelia and during mammary gland develop-
ment (4, 14, 31, 37). Gfi1�/� mice are completely neutrophil
deficient (12, 13). Moreover, recent studies have shown that
Gfi1�/� HSCs are unable to maintain long-term hematopoie-
sis, because elevated levels of proliferation lead to eventual
exhaustion of the stem cell pool (11, 40). Gfi1�/� mice have
also been reported to suffer from hearing loss and from a high
sensitivity to bacterial endotoxin (12, 13).

Key transcription factor genes such as Gfi1 function as com-
ponents of wider transcriptional regulatory networks. cis-Reg-

ulatory elements form the building blocks of these networks,
and their detailed functional characterization is required to
reveal the regulatory hierarchies within which factors such as
Gfi1 operate (6). A previous study characterized the Gfi1 pro-
moter region, which was found to contain multiple Gfi1 bind-
ing motifs, suggesting repression via an autoregulatory feed-
back loop (39). However, no comprehensive locus-wide
analysis of Gfi1 regulatory elements has been reported thus
far. When analyzing the transcriptional control of other key
hematopoietic regulators, we have shown previously that a
locus-wide approach is essential since most regulatory ele-
ments are distal to the promoters (5, 16, 18, 21, 24–26, 32).
Moreover, the combination of comparative genomic analysis
with transgenic mouse reporter assays proved to be a particu-
larly powerful strategy for the identification of bona fide reg-
ulatory elements. Given the function of Gfi1 as a major regu-
lator of several developmental processes, identification of the
molecular mechanisms that control Gfi1 expression would sig-
nificantly expand our understanding of the underlying tran-
scriptional networks.

In the present study we used a combination of comparative
genomics, locus-wide ChIP-on-chip, transgenic mouse assays,
and ChIP-Seq technologies to identify regulatory elements
within the Gfi1 locus. Five distinct regions spread over a total
of nearly 100 kb were shown to direct expression to subdo-
mains of known sites of endogenous Gfi1 expression. More-
over, functional analysis of a distal upstream enhancer allowed
us to identify six upstream regulators of Gfi1 in early hemato-
poietic cells, thus integrating Gfi1 into the wider regulatory
networks controlling early blood development.

* Corresponding author. Mailing address: University of Cambridge,
Department of Haematology, Cambridge Institute for Medical Re-
search, Hills Road, Cambridge CB2 0XY, United Kingdom. Phone:
44-1223-336829. Fax: 44-1223-336827. E-mail: bg200@cam.ac.uk.

† Present address: Institut de Recherche en Immunologie et en
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MATERIALS AND METHODS

Expression analysis. Gfi1 and �-actin amplicons, either murine or human,
were cloned into the pGEM-T Easy vector (Promega) to generate standard
curves with known amounts of DNA. Reverse transcription-PCR was performed
using Moloney murine leukemia virus (MMLV) RT (Invitrogen) and random
hexamers. Gfi1 expression was normalized to �-actin. See Supplementary Table
1 at http://hscl.cimr.cam.ac.uk/genomic_supplementary.html for all the primers
used in real-time PCR analyses.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
as previously described (25). Immunoprecipitation was performed with antibod-
ies against H3Ac (catalog no. 06–599; Millipore), PU.1 (sc-352x; Santa Cruz), Scl
(sc-12954x; Santa Cruz), Runx1 (ab23980-100; Abcam), Erg (sc-354x; Santa
Cruz), Meis1 (sc-10599x; Santa Cruz), and Gata2 (sc-9008x; Santa Cruz). The
oligonucleotides used to generate the Gfi1 tiling array were designed by Primer3
(28) on repeat masked sequence-spanning Gfi1 and flanking genes (chr5:
106838278 to 106923132, mm7). The oligonucleotides were spotted in triplicate
using a BioRobotics MicroGrid II total array system. Array design files have been
submitted to ArrayExpress. The resulting data were plotted by using the Variable
Width Bar Graph Drawer (http://hscl.cimr.cam.ac.uk/genomic_tools.html). Ma-
terial was validated by real-time PCR prior to hybridizations/sequencing (for
primers used, see Supplementary Table 1 at http://hscl.cimr.cam.ac.uk/genomic
_supplementary.html). All experiments have been deposited in ArrayExpress.
Mouse coordinates were mapped to the human genome by using the liftover
function provided by the UCSC Genome Center (http://genome.ucsc.edu/).

Transgenic analysis. F0 transgenic mouse embryos were generated by pro-
nuclear injection of lacZ reporter fragments as described previously (32). Whole-
mount images were acquired by using a Nikon Digital Sight DS-FL1 camera
attached to a Nikon SM7800 microscope (Nikon, Kingston-upon-Thames,
United Kingdom). Images were processed using Adobe Photoshop and Adobe
Illustrator (Adobe Systems, San Jose, CA). The numbers of transgenic mice
generated for each construct are summarized in Supplementary Table 2 at
http://hscl.cimr.cam.ac.uk/genomic_supplementary.html. The Gfi1 bacterial
artificial chromosome (BAC) with lacZ targeted into the Gfi1 ATG was
generated by using homologous recombination in Escherichia coli (details are
available on request).

Cell culture, transfection, and analysis. Candidate Gfi1 cis-regulatory ele-
ments were PCR amplified from mouse genomic DNA, cloned into pGL2-Basic
or pGL2 promoter vectors (Promega), and verified by sequencing (details re-
garding primers and region alignments are available at http://hscl.cimr.cam.ac
.uk/genomic_supplementary.html). All cloned regions vary in size but are all
numbered with respect to the ATG start codon in exon 2 of the Gfi1 gene. HPC-7
cells were maintained in Iscove’s modified Dulbecco medium, 10% fetal calf
serum (FCS), 1.5 � 10�4 M monothioglycerol, and stem cell factor (27). 416B
and MOLT4 cell lines were maintained in RPMI with 10% FCS. 293T cells were
maintained in Dulbecco modified Eagle medium with 10% FCS. For MOLT4
stable transfections, 10 �g of linearized plasmid DNA and 1 �g of linearized
pGK-neo were coelectroporated. After 24 h, 0.75-mg/ml G418 selection medium
was added. Pools of stably transfected cells were analyzed 10 to 14 days later as
previously described (1). 293T cells were transfected by using the ProFection
mammalian transfection system-calcium phosphate (Promega). All assays were
performed at least twice in triplicate. DNA amounts were kept constant by
adding the appropriate empty control vector, and the transfection efficiency
was monitored by the addition of a lacZ reporter plasmid. The pGL2
promoter Gfi1 �35kb was transfected with the following expression plasmids:
pEFBOS Lmo2, pEFBOS Scl, pEFBOS Ldb1, and pCDNA3 E47 (17).

In situ hybridization. The Gfi1 riboprobe was generated from a plasmid
containing the Gfi1 full-length cDNA. Riboprobe synthesis and in situ hybrid-
ization experiments were carried out as previously described (23).

RESULTS

Comparative genomic analysis reveals proximal as well as
distal conserved noncoding regions within mammalian Gfi1
loci. Sequence conservation of noncoding regions has long
been recognized as a potential feature allowing the identifica-
tion of gene regulatory sequences, and we have shown this to
be an effective strategy in gene loci such as Endoglin, Lyl1, and
Lmo2 (2, 8, 16, 18, 24, 25). When we compared the genomic
sequences of the Gfi1 loci from mouse, human, dog, opossum,
and chicken sources, we noticed that 5� of the Gfi1 gene,

noncoding sequence conservation was only apparent across
eutherian mammals, whereas 3� of Gfi1, several regions were
conserved between eutherian mammals and opossums with
two regions also found conserved in chicken. Taken together,
this analysis highlighted a total of eight regions as illustrated in
Fig. 1A: (i) two upstream regions and two intragenic regions
conserved throughout the eutherians (at kb �16, �8.7, �2.3,
and �5.8, respectively; numbering is assigned with respect to
the ATG start codon in exon 2 of the Gfi1 gene), (ii) the
�3.4kb promoter, the regions at kb �8.6 and the �35 con-
served from mouse down to chicken, and (iii) the region at kb
�19.5 conserved down to opossum. The conserved sequences
therefore appeared to highlight a potential promoter region
(at kb �3.4) and multiple candidate enhancer elements (at kb
�16, �8.7, �2.3, �5.8, �8.6, �19.5, and �35). Within the
hematopoietic system, Gfi1 is known to be expressed in hema-
topoietic precursors, hematopoietic stem cells, granulocytes,
monocytes, and specific subsets of T cells (11, 13, 39). To
identify cellular systems for functional validation of Gfi1 can-
didate regulatory elements, we performed expression analysis
in a number of cell lines, as well as in primary cells (Fig. 1B).
Gfi1 expression levels varied greatly between the different cell
types, ranging from practically undetectable levels in 416B
(myeloid progenitor), low levels in the multipotent hematopoi-
etic progenitor cell line HPC-7, slightly higher levels in embry-
onic day 14.5 (E14.5) fetal liver (FL), and very high levels in
whole mouse thymus and the human T-cell line MOLT4.

Locus-wide ChIP-on-chip analysis identifies candidate reg-
ulatory regions. Integration of cross-species sequence conser-
vation with long-range mapping of accessible chromatin pro-
vides a potentially powerful approach for the identification of
gene regulatory elements. To identify the accessible regions
within the Gfi1 locus, histone H3 acetylation ChIP-on-chip
assays were performed on mouse thymus, as well as the HPC-7
progenitor cell line (Fig. 2A). The mouse array platform used
covers more than 85 kb, spanning the entire Gfi1 locus and
extending just into both flanking genes. In view of the high Gfi1
expression levels in the human MOLT4 T-cell line, histone
acetylation was also analyzed by using an equivalent human
tiling path array (Fig. 2B). Neither of the upstream regions (at
kb �16 and �8.7) were acetylated in any of the mouse cell
types tested, and yet low levels of acetylation can be detected
in MOLT4 at both of these elements. Histone H3 acetylation
levels were found to be high at the potential promoter region
(kb �3.4) in HPC-7 and thymus, as well as the MOLT4 cell
line, although a wider region is acetylated in the thymus ma-
terial. A low level of acetylation could be detected at the kb
�2.3 and �5.8 regions in all three cell types tested, potentially
indicating intragenic cis-regulatory elements. The kb �8.6 re-
gion lacks any acetylation marks. In contrast, the kb �19.5
region was only acetylated in the HPC-7 and MOLT4 cells.
The kb �35 element is acetylated in the thymus and MOLT4
T cells but is devoid of acetylated histone marks in HPC-7.

Taken together, the ChIP-on-chip assays using murine cells
identified elevated histone acetylation at five of the eight po-
tential regulatory elements identified by the comparative
genomics approach (the �3.4kb promoter and elements at kb
�2.3, �5.8, �19.5, and � 35). Importantly, no other distal
acetylated regions were identified in the mouse arrays, al-
though there were two additional acetylated regions within the
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human cell line which were, however, not situated in conserved
regions.

Transcriptional analysis of candidate cis-regulatory ele-
ments identifies promoter and enhancer regions. To further
investigate candidate cis-regulatory regions within the Gfi1
locus, the potential regulatory elements highlighted by the
comparative genomics and ChIP-on-chip assays were cloned
into luciferase vectors and tested in stable transfection assays
in MOLT4 T cells (Fig. 3). A closer inspection of the large
acetylated region spanning 4.5 kb, including the first two exons
of Gfi1, showed two independent regions of conservation and
the presence of two possible ATGs, in exons 1 and 2, respec-
tively. As previously indicated for the mouse Gfi1 gene (30),
inspection of the Database of Transcriptional Start Sites
(DBTSS) (see Supplementary Fig. 1 at http://hscl.cimr.cam.ac
.uk/genomic_supplementary.html) confirmed two independent

regions of transcriptional initiation, upstream of the exon 1
and exon 2 ATGs. These two regions of conservation were
cloned to generate the luciferase reporter constructs �3.4kb
min pro and �1.2kb min pro, respectively (Fig. 3A).
Previously, a Gfi1 promoter was characterized (39) that
corresponds to the �3.4kb promoter region described here.
The regions at both kb �3.4 and kb �1.2 contained
independent promoter activity, but activity of the distal �3.4kb
promoter was significantly stronger (Fig. 3A).

To validate potential enhancer elements within the Gfi1
locus, all upstream and downstream regions highlighted by
comparative genomics and/or ChIP-on-chip analysis were in-
serted into luciferase reporter constructs containing the heter-
ologous simian virus 40 minimal promoter (Fig. 3B). The re-
gions at kb �16, �2.3, �8.6, and �35 displayed no enhancer
activity, in contrast to the regions at kb �8.7 and �5.8, which

FIG. 1. Comparative genomic analysis of the Gfi1 locus identifies eight potential regulatory elements. Extended Vista plot of sequence
conservation between mice and humans of the loci of Evi5, Gfi1, and Rpap2. The expanded region of the Vista plot shows the sequence
conservation across 85 kb of the mouse Gfi1 locus. The conservation plots correspond to (from top to bottom) mouse/human, mouse/dog,
mouse/opossum, and mouse/chicken comparisons. The plots show conservation from 50 to 100% between the species based on a 100-bp window
size. The exons and orientation of transcription are shown at the top of the figure. Potential cis-regulatory elements are highlighted by gray boxes,
and the relevant names are displayed underneath. (B) Expression analysis of Gfi1 showing the mouse myeloid progenitor cell line (416B), the
mouse multipotent hematopoietic progenitor cell line (HPC-7), mouse fetal liver (FL) on E14.5, an adult mouse thymus, and a human T-cell line
(MOLT4). Gfi1 expression levels are displayed relative to �-actin.
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functioned as weak enhancers (Fig. 3B). The construct with the
highest level of enhancer activity was the region at kb �19.5
(Fig. 3B). In summary, three of the seven conserved distal
elements displayed enhancer activity when tested by stable
transfection in MOLT4 cells (at kb �8.7, �5.8, and �19.5).
Moreover, through detailed examination of the Gfi1 promoter
region, two core regions of less than �300 bp were found to
display promoter activity (Fig. 3A).

In vivo validation identifies cis-regulatory elements active in
subdomains of endogenous Gfi1 expression. To assess the in
vivo function of Gfi1 candidate cis-regulatory elements, F0

transgenic embryos were generated by pronuclear injection.
Candidate elements were inserted into a lacZ reporter plasmid
to generate a series of reporter constructs equivalent to the
luciferase vectors tested above. Multiple transgenic embryos
were generated for each construct to identify consistent stain-
ing patterns mediated by Gfi1 candidate elements. F0 embryos
were assayed at E14.5, a time point that would allow detection
of expression in fetal liver, as well as other tissues known to
express Gfi1 within the developing ears and mammary glands.
Ten regulatory regions were tested in the transgenic assays,
resulting in the generation of a total of 99 transgenic embryos.
Four regions displayed consistent staining patterns (called
�3.4kb min pro, �1.2kb min pro, �5.8kb, and �35kb in Fig.
4): the �3.4kb min pro fragment induced lacZ expression in
the developing nose, the central nervous system (CNS), and

the developing gut (Fig. 4Ai, ii, and iii). The �1.2kb min
promoter gave consistent lacZ expression within the ear, the
Merkel cell region of the snout, the neural tube, and the limbs
(Fig. 4Bi, ii, iii, and iv). The enhancer at kb �5.8 (Fig. 4C) was
also active within the ear and the Merkel cell region of the
snout (Fig. 4Ci) but, in addition, showed staining in the devel-
oping mammary glands of the mouse embryo (Fig. 4Cii). Fi-
nally, the region at kb �35 targeted expression to the ribs, the
limbs, and the snout (Fig. 4Di, ii, and iii). Importantly, all of
these expression domains have been previously reported as
sites of Gfi1 expression. Transgenic assays therefore allowed us
to identify four cis-regulatory elements which contribute to the
endogenous expression pattern of Gfi1 (the results are sum-
marized in Table 1). However, none of the above elements
displayed consistent hematopoietic activity.

ChIP-Seq analysis identifies an additional element within
the Gfi1 upstream flanking gene. We recently published a
genome-wide ChIP-Seq study reporting a genome-wide map of
binding events for the HSC master regulator Scl in the pro-
genitor cell line HPC-7 (38). This analysis highlighted the
presence of a binding event of Scl at a conserved region up-
stream of Gfi1, within the last intron of Evi5 (Fig. 5A) and
therefore not present on our tiling path arrays used for the
ChIP-on-chip approach. The kb �35 region is more similar to
the Gfi1 than to the Evi5 promoter and therefore represents a
potential Gfi1 regulatory element. To further corroborate its

FIG. 2. ChIP-on-chip assays for histone H3 acetylation identify candidate regulatory regions across the Gfi1 locus. ChIP assays were performed
using the hematopoietic cell lines used for expression analysis in Fig. 1B. A Vista plot of mouse/human conservation is shown at the top of the
figure, with candidate cis-regulatory elements highlighted by gray boxes. (A) Histone H3 AcK9 ChIP across the mouse Gfi1 locus highlights the
promoter region, as well as the kb �2.3, �5.8, �8.6, and �19.5 elements as candidate regulatory elements in hematopoietic cells. (B) Histone H3
AcK9 ChIP across the human Gfi1 locus in T cells highlights a wide region of elevated histone acetylation around the Gfi1 promoter, as well as
smaller peaks at the kb �16, �8.7, �2.3, and �5.8 elements. ChIP-on-chip results are shown as the fold enrichment over the median, with a scale
ranging from �1 to �5.
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potential role as a Gfi1 enhancer, we interrogated publicly
available genome-wide ChIP-Seq data sets for the boundary
factor CTCF, based on the previous demonstration that ubiq-
uitous nonpromoter CTCF binding events indicate the location
of boundary elements demarcating regulatory domains (31, 32,
36, 37). Of note, a ubiquitous CTCF site was found between
the kb �35 region and the Evi5 promoter but not the Gfi1
promoter (see Supplementary Fig. 2 at http://hscl.cimr.cam.ac
.uk/genomic_supplementary.html), thus corroborating its
potential function as a Gfi1 regulatory element. Of note, the
Gfi1 locus is a preferential target of the Moloney murine
leukemia virus, with 85 common insert sites known to date
(Retroviral Tagged Cancer Gene Database). Interestingly, 13
of the 85 integration sites reside within the same intron of Evi5
as the Scl-bound region at kb �35, a finding consistent with the
notion that sequence elements in this intron of Evi5 control
expression of Gfi1. This new element, Gfi1 �35kb, was cloned
into a luciferase reporter construct and stably transfected into
MOLT4 cells to test for enhancer activity (Fig. 5B), which
demonstrated that this element clearly functions as a strong
enhancer. To confirm that Scl binding was promoting
activation of this element, transactivation assays were
performed (Fig. 5C), which showed that the kb �35 region can
be activated upon the addition of Scl.

To assess the in vivo function of the kb �35 element, we
performed F0 transgenic assays. Because the kb �35 element
was identified as a Scl target region in the hematopoietic pro-
genitor cell line HPC-7, embryos were analyzed at E11.5 since
we were specifically interested in the hematopoietic stem/pro-
genitor activity of this element. The kb �35 element showed
LacZ staining of the heart, vitelline vessels, fetal liver, and
dorsal aorta (Fig. 5D), the latter two of which contain
hematopoietic stem/progenitor cell (HSPC) activity at this
stage of mouse development. Other LacZ staining seen within
the embryo shown in Fig. 5D was not consistent between mul-
tiple embryos and therefore considered ectopic. To confirm
the endogenous staining pattern of Gfi1 at this stage in devel-
opment, in situ hybridizations were performed on sections of
E11.5 embryos. Gfi1 expression can clearly be detected within
the fetal liver and dorsal aorta (Fig. 5E), which is consistent
with enhancer activity of the kb �35 element.

To identify additional potential candidate transcription fac-
tors that could be cooperating with Scl in driving the activity of
the kb �35 element in early progenitor cells, we assessed the
multispecies alignment of this element and found an array of
consensus binding motifs. In addition to the E-box consensus
binding site for Scl, binding sites for the key hematopoietic
regulators Runx1, Gata2, PU.1, and Meis1 were detected (Fig.

FIG. 3. In vitro assays identify two promoter and three enhancer elements. Stable transfections in MOLT4 cells highlight two promoter and
three enhancer elements active within T cells. (A) Potential promoter elements were tested and normalized relative to cell numbers and
pGL2-Basic luciferase values. (B) Potential enhancer elements were tested and normalized relative to the cell number and the pGL2 promoter.
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6A). To confirm binding of these transcription factors to the
motifs present, ChIP assays were performed within the HPC-7
cell line (Fig. 6B), which showed specific binding for all of the
above transcription factors at levels comparable to those of the
positive control region. Taken together, therefore, the kb �35
region exhibits consistent hematopoietic activity when tested in
transgenic embryos and is controlled by a cohort of important

hematopoietic transcription factors thus establishing a poten-
tial hierarchy of factors upstream of Gfi1 in early hematopoi-
etic cells.

A 148-kb BAC recapitulates the activity of individual Gfi1
regulatory elements when tested in transgenic mice. Finally,
we wanted to confirm that the transcriptional activity seen in
transgenic mice for the five individual regulatory elements

FIG. 4. LacZ staining in transgenic embryos recapitulates the expression domains of endogenous Gfi1 expression. Transgenic mouse embryos
carrying Gfi1 regulatory elements are shown. (A) �3.4kb min pro, showing staining within the nose (i), CNS (ii), and gut (iii). (B) �1.2kb min pro,
showing staining of the ear (i), Merkel cells (ii), neural tube (iii), and limbs (iv). (C) �5.8kb, showing staining of the ear and Merkel cells (i) and
mammary glands (ii). (D) �35kb enhancer element, showing staining in Merkel cells (i), limbs (ii), and ribs (iii). All highlighted staining patterns
were found reproducibly in multiple independent founders.

TABLE 1. Summary of LacZ staining in transgenic embryos

Construct
Staining resulta

Nose NT Gut Ear Limb MG Ribs Heart FL VV

pGL2 Gfi1 �3.4kb min pro � � � – – – – – – –
pGL2 Gfi1 �1.2kb min pro � � – � � – – – – –
pGL2 pro Gfi1 �5.8kb � – – � – � – – – –
pGL2 pro Gfi1 �35kb � – – – � – � – – –
pGL2 pro Gfi1 �35kb – � – – – – – � � �

a These data represent a summary of the transgenic mouse embryos shown in Fig. 4. NT, neural tube; MG, mammary gland; FL, fetal liver; VV, vitelline vessels.
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corresponds to the gene regulatory activity of the wider Gfi1
locus. To examine this, we modified a BAC clone containing
�148 kb of the Gfi1 locus (Fig. 7A) so that it would express the
lacZ reporter gene instead of mouse Gfi1 (see Materials and
Methods). When assayed in transgenic mice at midgestation,
the Gfi1-lacZ BAC revealed lacZ expression at multiple sites,
including the snout, ear, mammary glands, limbs, somites, and
neural tube (Fig. 7B). Further analysis by histological section-
ing not only confirmed specific expression in these tissues but
also revealed rare lacZ-positive cells on the ventral wall of the
dorsal aorta and in the fetal liver (Fig. 7C). Collectively, these
expression domains closely correspond to the tissues express-
ing lacZ with single-element reporter constructs when tested in
F0 transgenic assays. Altogether, therefore, these data suggest
that we have identified five bona fide Gfi1 cis-regulatory ele-
ments that together recapitulate the endogenous expression
pattern of Gfi1 at midgestation. Moreover, highly similar lacZ
expression in the aorta-gonad-mesonephros (AGM) region
and fetal liver hematopoietic cells with both the Gfi1-lacZ
BAC and the kb �35 enhancer construct provides further
evidence that while the kb �35 element may also work with the
Evi5 promoter, it very likely acts on the Gfi1 promoter since
the Gfi1-lacZ BAC does not contain the Evi5 promoter.

DISCUSSION

Gfi1 encodes a transcriptional repressor with critical func-
tions in multiple tissues, including blood stem cells, T cells,
granulocytes, monocytes, and activated macrophages (13).
However, the regulatory hierarchies within which Gfi1 oper-
ates to perform its pleiotropic functions have remained largely
obscure. We have identified and characterized here five regu-
latory elements spread over nearly 100 kb of the Gfi1 locus.
These five elements drive expression to subdomains of the
expression pattern of endogenous Gfi1 in transgenic mice.
Specifically, we show that (i) an enhancer at kb �8.7 is active
in stably transfected T cells but does not direct expression to a
particular tissue in transgenic embryos; (ii) an enhancer inside
the gene at kb �5.8 is active in stably transfected T cells and
directs expression to the ears, snout, and mammary glands in
transgenic mice; (iii) an enhancer located downstream of the
gene at kb �19.5 is active in stably transfected T cells but does
not direct expression to a particular tissue in transgenic em-
bryos; (iv) a phylogenetically conserved enhancer at kb �35
displays a broader staining pattern with strong expression in
snout, limbs, and ribs (but with weak activity in stably trans-
fected T cells); (v) a hematopoietic enhancer is located in an

FIG. 5. ChIP-Seq analysis for Scl/Tal1 identifies a further distal regulatory element. (A) ChIP-Seq using a Scl antibody showed a distal region
35 kb upstream of Gfi1 that was strongly bound by Scl. (B) Stable transfections in MOLT4 show that the kb �35 construct has a high enhancer
activity within T cells. (C) The Scl complex (Scl, Lmo2, Ldb1, and E47) can transactivate the kb �35 construct. (D) Transgenic analysis of E11.5
embryos highlights that the kb �35 element targets lacZ expression to tissues containing hematopoietic progenitor cells. E11.5 X-Gal (5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside)-stained embryo and paraffin sections of dorsal aorta (DA) and fetal liver (FL). White arrowheads
highlight reproducible staining patterns. (E) In situ hybridization using a Gfi1 probe show endogenous Gfi1 staining within an E11.5 embryo.
Magnified views of the DA and FL are shown.
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intron of the adjacent Evi5 gene and displays activity in the
midgestation AGM region and fetal liver; and (vi) the previ-
ously described promoters at kb �3.4 and �1.2 are active in
cells of the embryonic nose, CNS, gut, snout, ears, ribs, neural
tube, and limbs. In addition to comprehensive identification
and in vivo validation of regulatory elements within the Gfi1
gene locus, functional analysis of the distal upstream enhancer
allowed us to identify six upstream regulators of Gfi1 in early
hematopoietic cells, thus integrating Gfi1 into the wider regu-
latory networks controlling early blood development.

Our results illustrate that identification of the whole com-
plement of regulatory regions for complex gene loci is becom-
ing less of a daunting task, largely thanks to recent technolog-
ical advances in screening chromatin structure and the
availability of multiple complete genome sequences for com-
parative genomic analysis. Locus-wide comparative genomics

and ChIP-on-chip analysis coupled with functional validation
of candidate elements revealed that the promoter and three
distal regulatory regions all drive expression to subdomains of
the Gfi1 expression pattern. However, none of the elements
possessed hematopoietic activity. There are two possible ex-
planations for these findings. (i) Promoter-specific enhancer
interactions or combinations of elements might be required to
produce expression patterns over and above a mere additive
effect, with the latter in particular having been observed pre-
viously by us and others when studying gene loci such as Lmo2
and endoglin (16, 25). (ii) An alternative explanation could be
that the definition of a gene locus as the domain between the
two flanking genes is too simplistic as, for example, holds true
for the �-globin locus (36). We show here that for the Gfi1
locus the latter explanation is true. Locus-wide ChIP-on-chip
studies failed to discover the kb �35 enhancer because it is

FIG. 6. Characterization of the Gfi1 kb �35 element identifies several key stem cell transcription factors as upstream regulators. (A) Multi-
species alignment of the kb �35 construct highlights the presence of highly conserved transcription factor motifs. (The transcription factor name
is identified below the DNA motif.) (B) ChIP assay in HPC-7 cells shows clear binding of Scl, PU.1, Runx1, Erg, Meis1, and Gata2 to the kb �35
construct. All ChIP samples were normalized to IgG and compared to both a positive region (Runx1 �23kb) and a negative region (Runx1 �30kb).
The Runx1 kb �23 construct has previously been shown to bind and be activated by the Scl complex of transcription factors, whereas the Runx1
kb �30 construct is known to be acetylated and within a region of open chromatin but is not bound by any transcription factors known to cooperate
with Scl (17, 20). Hence, these elements are used as positive and negative regions, respectively.
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located in the last intron of Evi5. However, after its identifi-
cation by ChIP-Seq, detailed characterization of this element
allowed us to establish for the first time regulatory links be-
tween Gfi1 and other known key regulators of HSCs. Based on
our analysis of the regulation of Gfi1 expression, neither com-
parative genomics nor ChIP-on-chip analysis alone would have
allowed us to readily identify all of the elements tested. How-
ever, given that the lacZ expression pattern seen with the BAC
closely mirrors the sum total of all patterns seen with individ-
ual elements, it would appear that the combination of com-
parative genomics and ChIP-on-chip provides a successful
strategy. The major remaining caveat here would be that the

definition of locus size is arbitrary as illustrated by our finding
of the kb �35 enhancer being situated within an intron of the
neighboring gene.

One previous study had investigated the promoter sequence
of Gfi1 and suggested negative cross talk between Gfi1 and
Gfi1b. Importantly, however, no upstream activators linking
Gfi1 into the wider stem cell networks had been identified. In
contrast, our analysis of the upstream enhancer demonstrated
that Gfi1 is under the control of several key players that drive
HSC development. This finding is interesting for several rea-
sons. (i) Transcription factors such as Scl and Runx1 are driv-
ers of HSC formation, whereas Gfi1 has been predominantly

FIG. 7. LacZ staining in mice embryos carrying the Gfi1-lacZ BAC identifies the sites of endogenous Gfi1 expression. (A) Vista plot of
sequence conservation between mouse and human across the Gfi1 locus. The 148-kb region contained in the Gfi1-lacZ BAC, in which the lacZ
gene has been inserted at the translational initiation ATG codon of Gfi1 by homologous recombination, is indicated below. (B) X-Gal-stained
E11.5 embryos carrying the Gfi1-lacZ BAC showing lacZ expression in the eye, nose and ear (i), somites and mammary glands (ii), limbs (iii), and
neural tube (iv). (C) Paraffin tissue sections from an E11.5 embryo showing lacZ expression in the dorsal aorta (DA), fetal liver (FL), somites,
snout, stomach, and around the eye.
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associated with HSC maintenance and/or homeostasis. This
suggests that either Gfi1 performs an as-yet-unknown function
in early embryonic HSPCs or regulatory programs required for
homeostasis may be laid down very early. (ii) Although Gfi1 is
unlikely to be a key target of Scl, Runx1, Gata2, Erg/PU.1, and
Meis1 in their capacity to specify HSC development in the
embryo, at least two of the upstream regulators have loss-of-
function phenotypes in adult HSCs that are consistent with
Gfi1 being an important mediator of stem cell homeostasis.
Deletion of Runx1 in adult bone marrow causes expansion of
immature progenitors, together with a myeloproliferation phe-
notype, with a concomitant reduction of long-term HSC (LT-
HSC) activity (10). Similarly, compared to wild-type mice,
Runx1�/� mice have increased numbers of progenitors and yet
reduced numbers of LT-HSCs (33). Moreover, levels of Gata2
critically influence the balance between HSC quiescence and
proliferation, with increased levels of Gata2 inducing quies-
cence within HSCs (35). Therefore, both phenotypes are con-
sistent with the Gfi1 phenotype of HSC exhaustion through
excessive proliferation. (iii) Although the kb �35 distal en-
hancer had strong activity in the MOLT4 T-cell line, different
subsets of factors may be driving this activity because Scl and
Gata2 are not expressed in the T-lymphoid lineage. This raises
the possibility that the closely related lymphoid transcription
factor Gata3 may control Gfi1 in T cells. Of note, Gata3 re-
cently has also been shown to be expressed in mammary
glands, whiskers, and the developing CNS (22), suggesting that
it may also function upstream of Gfi1 in these tissues. Inter-
estingly, we observed conserved GATA sites in the kb �16,
�2.3, �5.8, �8.6, �19.5, and �35 elements identified in the
present study. Most interesting of these is the GATA site
within the kb �5.8 element, since this element drives Gfi1
expression within the developing mammary gland (Fig. 4Cii).
This raises the possibility that Gata3 is upstream of Gfi1 in
multiple tissues but acting through different subsets of regula-
tory elements. Given that both Runx1 and Runx3 have been
shown to be expressed within developing bones of the mouse
embryo this scenario may extend to Runx factors (19). Runx
factors are known to be important for the CD4/CD8 lineage
choice (3, 15, 29, 34), which is also subtly altered in Gfi1�/�

animals. Runx factors may therefore control Gfi1 expression in
T cells in concert with Gata3 through the kb �35 enhancer but
may also act on the bone-specific �1.2kb min pro and kb �35
region of Gfi1 during early bone development.

In conclusion, we have shown that the Gfi1 locus displays a
modular arrangement of gene regulatory elements responsible
for specific aspects of Gfi1 expression and spread over nearly
100 kb. Detailed characterization of a Gfi1 hematopoietic en-
hancer established for the first time direct regulatory links
between Gfi1 and other major regulators of HSCs. Finally,
identification of nonhematopoietic Gfi1 enhancers lays the
foundation for future studies to establish the regulatory hier-
archies within which this important regulator operates in di-
verse organ systems.
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