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The locus control region of the �-globin gene cluster
has been used previously to direct erythroid expression
of globin genes from retroviral vectors for the purpose
of gene therapy. Short erythroid regulatory elements
represent a potentially valuable alternative to the locus
control region. Among them, the GATA-1 enhancer HS2
was used to replace the retroviral enhancer within the
3�-long terminal repeat (LTR) of the retroviral vector
SFCM, converting it into an erythroid-specific regula-
tory element. In this work, we have functionally studied
an additional GATA-1 enhancer, HS1. HS1 participates
in the transcriptional autoregulation of GATA-1 through
an essential GATA-binding site that is footprinted in
vivo. In this work we identified within HS1 a new in vivo
footprinted region, and we showed that this sequence
indeed binds a nuclear protein in vitro. Addition of HS1
to HS2 within the LTR of SFCM significantly improves
the expression of a reporter gene. The deletion of the
newly identified footprinted sequence in the retroviral
construct further increases expression up to a level al-
most equal to that of the wild type retroviral LTR, with-
out loss of erythroid specificity, suggesting that this
sequence may act as a negative regulatory element. An
improved vector backbone, M�N, allows even better ex-
pression from the new GATA cassette. These results sug-
gest that substantial improvement of overall expression
can be achieved by the combination of multiple changes
in both regulatory elements and vectors.

GATA-1 is a zinc finger transcription factor that is expressed
in a subset of early multipotent and lineage-committed hema-
topoietic progenitors, including erythroblasts, megakaryocytes,
basophils, etc. (1, 2). GATA-1 regulates many transcription
factors and lineage-specific genes, and its normal expression is
essential for the correct development of several hematopoietic
lineages, in particular the erythroid, megakaryocytic, and eosi-
nophilic lineages (3–7).

The regulation of the expression of GATA-1 itself has been
the subject of many investigations (7–16). Constructs including
the mouse GATA-1 promoter up to a DNase I-hypersensitive
site lying at about �700 nts1 (HS2) are expressed, at low
efficiency, in adult hematopoietic cells in transgenic mice but
not in yolk sac cells; however, constructs including an addi-
tional more upstream site (HS1) are much more efficient and
are also active in primitive hematopoietic cells (12–16). GATA-
binding sequences in HS1 and HS2 are essential for activity in
a variety of constructs, suggesting GATA-1 auto-regulation
(8–10, 14–16); however, a GATA-1 transgenic construct is ac-
tive in mice lacking the endogenous GATA-1 gene, suggesting
that other members of the GATA family of transcription factors
(possibly GATA-2) may control GATA-1 transcription (13, 16).
As GATA-2 is expressed in a wider range of cell types than
GATA-1, this implies that other regulatory elements are nec-
essary for appropriate GATA-1 regulation. Sequences relevant
for this additional level of regulation have not yet been
fully characterized.

Regulatory elements of erythroid genes have been employed
in retroviral vectors to express, in model systems, globin genes
for therapeutic purposes. In particular, the locus control region
(LCR) of the human �-globin cluster, which confers high level,
position-independent, erythroid expression of globin genes,
gave encouraging initial results (17, 18).

More recently, short functional erythroid enhancers, such as
the �-globin HS40 enhancer, the 5-aminolevulinate synthase
intron 8, and the GATA-1 HS2 enhancer have been used in-
stead of the �-globin LCR, in various combinations with differ-
ent erythroid promoters (� and � globin, spectrin and ankyrin)
to drive gene expression in erythroid cells (19–22). These short
elements might thus provide a valuable alternative to LCR for
the development of new vectors (23). In this context, the char-
acterization of additional control elements conferring high lev-
els of specific expression is essential for vector optimization.
Among the enhancers studied, the GATA-1 HS2 element
showed significant activity both in retroviral and lentiviral
vectors (19–21).

In this work we have further characterized functional se-
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within the retroviral LTR and by deleting an inhibitory se-
quence within HS1, we obtained retroviruses that express
downstream reporter genes at similar efficiencies as those re-
taining the wild type LTR, without loss of erythroid specificity.

EXPERIMENTAL PROCEDURES

In Vivo Footprinting—In vivo DMS treatment of cells, DNA extrac-
tion, and piperidine treatment were according to Ref. 24; ligation-
mediated PCR was according to Ref. 25. Primers used are as follows: P1
from nt 2 to 25 (GATCCAAGGAAGAGAGGACATTAG); P2 from nt 13
to 36 (AGAGGACATTAGCATGGGTCTCAA); and P3 from nt 27 to 50
(GGGTCTCAAATGGAAGCCTGACAG) of HS1 (14) in the sense
orientation.

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear extracts were
prepared as in Refs. 26 and 27; in vitro binding and gel electrophoresis
were as in Refs. 27 and 28.

The sequences of the oligonucleotides used are as follows: �46�96
wt, 5�-CTGACAGAGAAGACGCTTCAACCCGGACACCCCACCCCC-
GCCTGCAATGGG-3�; �59–69, 5�-CTGACAGAGAAGAGGACACCCC-
ACCCCCGCCTGCAATGGG-3�; core mut, 5�-CTGACAGAGAAGACGC-
TTTAATTTGGACACCCCACCCCCGCCTGCAATGGG-3�; 5�mut, 5�-C-
TGACAGTTAATTTGCTTCAACCCGGACACCCCACCCCCGCCTGCA-
ATGGG-3�; �81�111, 5�-CCCGCCTGCAATGGGCTCCCCCAAGCCT-
AG-3�; and �-globin CACC box, 5�-CTTGGGGGCCCCTCCCCCACAC-
TATCTCAA-3�.

The sequence in boldface type in the wild type oligonucleotide corre-
sponds to the in vivo footprinted region (see “Results”) and is deleted in
the �59–69oligo. Underlined nucleotides represent the mutated sites.

Retroviral Constructs—The retroviral vectors SFCM, containing an
intact Moloney enhancer and its derivative ��SFCM (in which the
3�-LTR enhancer is deleted), have been described previously (19).

The HS2 site of the mouse GATA-1 gene was inserted in place of the
deleted enhancer into the ��SFCM vector to generate GATA�SFCM (19),
here renamed as HS2�SFCM. Additional constructs were generated by
inserting appropriate HS1 fragments into either ��SFCM or
HS2�SFCM. The genomic 461-nt BamHI BglII HS1 fragment (14) was
modified with XhoI linkers and cloned into the compatible SalI site in
the ��SFCM LTR polylinker, 10 nt upstream to the SnaBI site where
HS2 was originally cloned. In the constructs carrying both HS1 and
HS2, HS1 was inserted in the same SalI site into the HS2�SFCM vector
to generate HS1�HS2�SFCM.

All HS1 mutants (see the above oligonucleotides for mutations) were
generated by PCR and sequenced to confirm the mutation. In the
HS1GATA��HS2�SFCM vector the HS1 GATA-1-binding site at posi-
tions 130–136 (14) was changed from CTTATC to CTTAAA.

The LGS�N vector was derived by replacing the TKNeoR sequence in
the SFCMM-3 vector (29) with the 730-bp Eco47III-ScaI EGFP frag-
ment from pEGFP-C3 (Clontech). HS2�LGS�N was obtained by cloning
the BamHI 200-bp GATA-1 HS2 cassette (19) into the SalI/BglII sites of
LGS�N, whereas �HS1�HS2�LGS�N was derived by ClaI/NdeI diges-
tion of the �HS1�HS2 elements from the �HS1�HS2�SFCM vector and
cloning into ClaI/NdeI sites of LGS�N.

Cells—GATA-1 ts Epo bone marrow (BM) and GATA-1 ts Epo YS
(yolk sac) are erythropoietin (Epo)-dependent immortalized hematopoi-
etic progenitors derived from bone marrow and yolk sac of mice trans-
genic for a mutant SV40 T gene encoding a thermosensitive T protein
driven by the GATA-1 promoter linked to either the HS2 or the HS1
sites, respectively (11, 30).2 These cells grow at 32 °C, the permissive
temperature for the thermosensitive T protein with a doubling time of
20–24 h, in RPMI 1640, 10% fetal calf serum (FCS), 0.3 unit/ml Epo.

Transduction of Mouse and Human Cell Lines—For transduction of
mouse cells, packaging lines for SFCM vectors were obtained by plas-
mid transfection of the ecotropic line GP�E86 (31) and selection in 0.8
mg/ml G418. For viral infections, subconfluent packaging lines were
treated with mitomycin C (1 �g/ml) for 3 h at 37 °C, carefully washed,
and replated (1 � 106 cells) into 6-cm diameter dishes in 3 ml of RPMI
1640, 10% FCS. The next day, 0.6–1 � 106 mouse hematopoietic cells in
1 ml of complete Epo-containing medium were added to each dish and
grown for 24 h at 32 °C. The hematopoietic cells growing in suspension
were collected, washed, and grown for 2 days prior to selection. G418
was then added at 0.8 mg/ml, and resistant cells were obtained within
10–15 days.

Selected cells were then analyzed by flow cytometry (see below). For
each infection, the copy number of constructs integrated within the

resistant cells was evaluated by Southern blotting by using a probe for
the neomycin resistance gene and checked for equal loading by further
probing with a genomic fragment downstream of the GATA-1 locus. The
copy numbers were essentially identical between all samples and close
to one integration (on average) per cell (as determined by comparison
with serial dilutions of appropriately digested viral DNA mixed with
genomic DNA of non-infected cells).

NIH3T3 cells were grown in Dulbecco’s medium (Invitrogen) supple-
mented with 10% FCS (Hyclone) and infected for 16 h with undiluted
viral supernatants containing 8 �g/ml Polybrene (Sigma). Further anal-
yses were carried out on transduced and control bulk cultures.

For transduction of human cells viral stocks were produced by tran-
sient transfection of Phoenix-Ampho cells as described previously (32).
Human erythroblastic K562 and HEL cell lines (ATCC) were grown in
RPMI 1640 (Invitrogen) supplemented with 10% FCS and transduced
by spinoculation (33) in the presence of Polybrene (8 �g/ml). For trans-
duction of mouse hematopoietic cells with LSG�N and M�N viral
stocks, spinoculation was used as above.

FACS Analysis—Expression of the reporter gene (�LNGFr) was
monitored by flow cytometry (FACScan, BD Biosciences) using the
murine anti-human p75-NGFr monoclonal antibody 20-4 (ATCC). A
goat monoclonal anti-mouse IgG (Fab-specific) conjugated to fluorescein
isothiocyanate or phycoerythrin was used as secondary antibody
(Pharmingen).

RESULTS

An “In Vivo” Footprint in GATA HS1—DNA fragments from
the HS1 region of the mouse GATA-1 gene have been shown
previously to have enhancer activity, when linked to the
GATA-1 promoter alone or in combination with HS2 and other
GATA-1 regulatory elements, in transient transfections, and in
transgenic assays (13–16). The activity of HS1 is totally de-
pendent on a strong GATA-1-binding site (14–16) that appears
to be occupied in vivo, as indicated by in vivo footprinting (14).
To identify additional functional motifs within HS1, we further
extended the dimethyl sulfate (DMS) in vivo footprinting anal-
ysis of HS1 (Fig. 1A).

Transcription factors bound to specific DNA sequences pro-
tect guanines from in vivo DMS-induced methylation and thus
from subsequent in vitro piperidine cleavage of the methylated
sites. The following ligation-mediated PCR results in the ab-
sence of bands at the positions corresponding to the guanines
protected “in vivo” (24, 25).

Fig. 1B shows that six guanines (lower strand) within an
11-nt sequence between positions 59 and 69 of HS1 are foot-
printed “in vivo” in hematopoietic mouse erythroleukemia cells
(MEL) grown in culture; a weaker footprint is also detected on
the CACCC motif between positions 78 and 82 (not shown).

In Vitro Binding Studies of the Footprinted Region—To bet-
ter characterize proteins responsible for the in vivo footprint,
we performed EMSA. A 32P-labeled oligonucleotide (wt, see
“Experimental Procedures”) spanning from nt 46 to 96 gener-
ates a complex pattern consisting of an intense slow band and
additional faster bands in the presence of nuclear extracts from
the hematopoietic cell lines: human K562 erythroleukemia
cells, murine GATA-1 ts Epo BM, and GATA-1 ts Epo YS cells
(30), (Fig. 2); however, when an oligonucleotide deleted be-
tween nucleotides 59 and 69 (�59�69)is used, one of these
bands is clearly missing (Fig. 2B, arrow, compare lanes 1 and
2). The protein responsible for this band will be called from now
on the GATA-1 HS1 “in vivo footprinting protein” (IVFP). As
expected, unlabeled oligonucleotides including a CACCC box
sequence from the human �-globin gene and the GC-rich region
(positions 81–111) from the HS1 itself compete all bands, with
the exception of the IVFP band (Fig. 2B, lanes 3 and 4 and lanes
7 and 8); an unrelated control oligonucleotide has no effect
(lanes 5 and 6).

We further tested two additional oligonucleotides (Fig. 2):
“core mutant” carries mutations centered on nucleotides in-
volved in the in vivo footprint, whereas the “5� mutant” is2 L. Cairns, S. Ottolenghi, and A. Ronchi, unpublished data.
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mutated at the upstream border of the footprinted region (see
“Experimental Procedures” for sequences). The mutation in oli-
gonucleotide core mutant (Fig. 2B, lane 4) has the same effect as
the deletion of nucleotides 59–69, i.e. loss of IVFP binding,
whereas the upstream mutation in oligonucleotide 5� mutant
does not significantly affect IVFP binding (Fig. 2B, lane 3).

To better resolve the IVFP band, we used in EMSA experi-
ments poly(dC�dG) as a competitor, instead of poly(dI�dC) (Fig.
2B, lanes 5–18). Under these conditions, only the IVFP band is
visible (lane 5) with the wt oligonucleotide and is efficiently
competed by the unlabeled wt oligonucleotide itself (Fig. 2B,
lanes 6–8) and by the 5� mutant oligonucleotide (lanes 12–14)

FIG. 1. An in vivo footprinted site within the HS1 region of the mouse GATA-1 gene. A, schematic representation of the GATA-1 gene. The
DNA sequence (top strand) encompassing the in vivo footprint is expanded; numbers refer to nucleotide positions in Ref. 14. B, the footprinted
region. Guanines protected from methylation in the erythroid MEL cell line are shown in boldface and correspond to the bottom strand in A. Lane
C is from DMS-treated naked DNA.

FIG. 2. EMSA analysis of the footprinted region. A, the deletion of nucleotides 59–69 within a 32P probe encompassing nt 46–96 abolishes
a single band (IVFP). Lane 1, deleted probe. Lanes 2–9, wt probe. Unlabeled competitor oligonucleotides (50- and 150-fold excess) were added (top),
as indicated. CACC is a human �-globin CACC box oligonucleotide; 81–111 oligonucleotide includes the corresponding sequences of the HS1 region,
and unrel is a nonspecific oligonucleotide carrying an Oct-1-binding site. B, a mutation within the 59–69 nucleotide region abolishes the IVFP
band. Lane 1, wt probe; lane 2, �59–69 probe; lane 3, 5� mutation; lane 4, core mutation. Lanes 5–18, binding of the wt probe in the presence of
poly(dG�dC) instead of poly(dI�dC). Competitors (50-, 150-, and 300-fold molar excess) are indicated on the top of the figure. Nuclear extracts were
from erythroid K562 cells. C, the IVFP protein is present in a variety of mouse hematopoietic cells. Each extract was tested with the �59–69 probe
and with the wt 46–96 probe in the presence of poly(dI�dC) and with the same wt probe in the presence of poly(dG�dC) instead of poly(dI�dC) (lane
1–3, respectively, for each nuclear extract). The asterisk indicates the IVFP band.
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but not by the deleted (lanes 9–11) or core mutant (lanes 15–
17) oligonucleotides.

The IVFP protein appears to be relatively widespread, al-
though its amount varies between different cell types. In par-
ticular, it is expressed in both mouse and human cells, partic-
ularly in human K562 and mouse erythroleukemia MEL cells,
in SV40-T immortalized bone marrow (GATA-1 ts Epo, BM)
and yolk sac (GATA-1 ts Epo, YS) erythropoietin-dependent
cells (11, 30),2 and in lymphoid cells (CH27, A20, and BAF3)
(Fig. 2C and data not shown). By using mutant oligonucleotides
with these extracts, we obtained results similar to those shown
for K562 (data not shown).

HS1 DNA Sequences Co-operate with HS2 in Retrovirally
Mediated Gene Expression in Hematopoietic Cells—To analyze
functional effects of the HS1 DNA sequences, we used a mod-
ified SFCM retroviral vector, as described previously (19). In
this vector, the Moloney-leukemia virus enhancer in the 3�-
LTR is deleted (��SFCM) and can be replaced by an exogenous
enhancer; following retroviral infection of the target cells, the
new enhancer is moved to the 5�-LTR from which it drives

retroviral transcription and expression of a truncated form of
nerve growth factor receptor (�LNGFr), a reporter gene. In
addition, an internal SV40 promoter drives the expression of a
neomycin resistance gene (Fig. 3A). Our strategy was therefore
to infect in vitro hematopoietic cell lines with appropriate con-
structs and to select cells expressing the neo-resistance gene by
G418 treatment. Following complete selection, the proportion
of expressing cells and levels of expression were analyzed by
fluorescence-activated cell sorting (FACS).

The copy number of integrated constructs was examined by
Southern blotting using a neo-resistance probe (for the detec-
tion of the retroviral DNA) and a GATA-1 3� genomic probe for
detection of an endogenous gene and normalization. The copy
numbers were very similar between the various constructs and
close to 1 copy per cell, as expected for the relatively low
probability of infection in these experiments (between 25 and
50% of cells transduced).

For these experiments, we primarily used two cell lines,
GATA-1 ts Epo (BM) and GATA-1 ts Epo (YS) (11, 30),2 which
represent erythropoietin-dependent multipotent cells derived

FIG. 3. FACS analysis of LTR-dependent �LNGFr reporter gene expression from SFCM retroviral vectors containing HS1
sequences. A, schematic representation of the SFCM retroviral vector. GATA-1 regulatory sequences were inserted in a retroviral enhancer-
deleted version of the vector (see expansion). B and C, �LNGFr gene expression in erythroid cells transduced with modified vectors (see text). BM
and YS indicate the immortalized multipotent cell lines used. B, SFCM panel, thin and thick lines indicate ��SFCM- and SFCM- transduced cells,
respectively. In control experiments (not shown), the profile of untransduced cells is essentially identical to that of ��SFCM-transduced cells.
Similarly, the use of the second antibody alone gives no significant staining.
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from bone marrow and yolk sac cells immortalized in vitro by
SV40 T-antigen (driven by a transgenic GATA-1 promoter
linked to HS2 or HS1 respectively). These cells are 95–100%
positive for endogenous GATA-1 (based on nuclear immunoflu-
orescence tests) (30) and are thus expected to express foreign
constructs depending on GATA regulatory elements.

In a first series of experiments (Fig. 3B), we compared the
activities of retroviral constructs (HS1�SFCM and HS2�SFCM)
containing HS1 or HS2 as the foreign enhancer replacing the
original Moloney enhancer. The mean fluorescence intensity
(MFI) of cells infected with the wild type SFCM is given as
100% activity. The MFI of each construct is given below as
percentage of activity relative to that of the wild type SFCM.
The activity of HS1�SFCM (2 � 1% in both BM and YS cells)
and mutated derivatives of it (data not shown) did not differ
from that of the inactive control ��SFCM (2 � 1% of SFCM). On
the other hand, HS2�SFCM was clearly active in both BM and
YS cell lines (as expected, see Ref. 19) at moderate levels (10 �
2 and 11 � 2% of SFCM, respectively).

We then linked HS1 upstream to HS2 (HS1�HS2�SFCM); this
resulted in a �2-fold increase (p � 0.05 by Student’s t test) of
the activity as compared with HS2�SFCM (19 � 3% of SFCM in
BM and 21 � 2% in YS), indicating that HS1 sequences syn-
ergize with HS2. Interestingly the same result was obtained
when HS1 carrying a deletion of its 3� sequences (nt 1–171,
data not shown) or a point mutation in the GATA-1 motif
(HS1GATA��HS2�SFCM, Fig. 3B) was used instead of the in-
tact HS1. Similar results were obtained with GATA-1 ts Epo
(BM) and (YS) cells (Fig. 3B).

Deletion of the IVFP-binding Site Increases the Activity of the
HS1�HS2�SFCM Construct—We tested the effects of the dele-
tion of the in vivo footprinted elements (Fig. 3C). Although a
vector carrying HS1 deleted at nucleotides 59–69
(�HS1�SFCM) is completely inactive on its own (data not

shown), the addition of the HS1�59–69 element to HS2
(�HS1�HS2�SFCM vector) caused a strong increase of reporter
gene expression in both bone marrow and yolk sac cell lines.
Most interesting, in the latter, the effect on activity of the
addition of HS1 was more pronounced (56 � 12% versus 100 �
20%, respectively).

To ascertain whether the loss of the IVFP-binding site could
contribute to this increase, we inserted into HS1 the same
mutations as those tested in EMSA experiments. Introducing
the core mutation in HS1�HS2�SFCM, increases the average
level of activity of the construct (HS1core mutant�HS2�SFCM,
37 � 14% of SFCM in BM and 40 � 21% in YS), although not
as much as the deletion. Note that in the core mutant-infected
cells, many (80%) of the cells express �LNGFr at high levels, as
in �HS1�HS2�SFCM, but a significant shoulder of non express-
ing cells is present. In contrast, the vector (HS1 5�
mutant�HS2�SFCM) carrying the 5� mutation that slightly af-
fects IVFP binding (Fig. 2B) is active in a much smaller pro-
portion of cells, although some still express at high levels.

Exogenously inserted genes are often silenced during long
term cell propagation in culture, as a repressive chromatin
structure adjacent to the integration site might extend into the
foreign gene (34). When this event occurs, both the reporter
gene and the neomycin-resistance gene are likely repressed
(34). Under these conditions, the presence of G418 in the me-
dium will cause loss of these cells, leading to an overestimate of
the proportion of reporter-expressing cells. We thus tested
whether releasing the cells from G418 selection affects reporter
gene expression (Fig. 4). Cells grown in G418 for at least 3
weeks to kill all non-virus-infected cells were further propa-
gated in the absence of G418 and tested for reporter gene
expression. With all tested constructs, including the wild type
Moloney enhancer-dependent SFCM construct, there was some
degree of progressive inactivation, as expected (34–36); how-

FIG. 4. FACS analysis of transduced and G418-selected cells after withdrawal of G418. Yolk sac cells retrovirally transduced with the
indicated constructs were selected in G418 for more than 3 weeks and then analyzed at various times after withdrawal of G418.
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ever, after 25 days in culture without G418 (	30 cell cycles),
the reporter gene was still active at high levels in 75–90% of
cells with all constructs, except for HS15� mutant�HS2�SFCM
which remains active in only 25% of the cells (Fig. 4). This demon-
strates that SFCM or HS1�HS2�SFCM, �HS1�HS2�SFCM, and (to a
lesser extent) HS1core mutant�HS2�SFCM-modified LTR are rela-
tively well protected from position of integration effects. The mu-
tation of the 5� sequences within the HS1�HS2 context, however,
clearly interferes with the maintenance of the activity.

HS1 Increases Gene Expression in Erythroid Cells but Not in
Fibroblasts—HS2�SFCM has been shown previously to drive
reporter gene expression in hematopoietic but not non-hema-

topoietic cells (19). To ascertain if the �HS1�HS2 cassette re-
tains hematopoietic specificity, we constructed an additional
vector (�HS1�HS2�LGS�N) in which the modified LTR drives
the activity of GFP, whereas a constitutive internal promoter
expresses the �LNGFr gene, acting as an internal reference for
the level of ubiquitous expression in uninduced cells (Fig. 5A).
This experimental arrangement allows us to measure LTR-depend-
ent gene expression in the absence of any previous selection. We
thus compared the transgene expression level in cells transduced
with the HS2�LGS�N vector and the �HS1�HS2�LGS�N vector
(Fig. 5B). Mouse NIH3T3 fibroblasts, mouse hematopoietic
GATA-1 ts Epo BM and GATA-1 ts Epo YS cells, and human

FIG. 5. Erythroid restriction of GATA-1-modified LTR-dependent reporter EGFP gene expression. A, the GATA-1-modified LGS�N
vector. SVp indicates SV40 promoter. B, FACS analysis of transduced hematopoietic mouse GATA-1 ts Epo BM, GATA-1 ts Epo YS cells, and mouse
fibroblast 3T3 cells.
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erythroid K562 cells were transduced with HS2�LGS�N and
�HS1�HS2�LGS�N viral supernatants, maintained in culture as
bulk population, and assayed for �LNGFr and GFP expression by
FACS analysis (Fig. 5B).

Most (over 80%) of the NIH3T3 cells transduced with either
HS2�LGS�N or �HS1�HS2�LGS�N expressed the �LNGFr
gene, at similar levels (Fig. 5B). In contrast, very few cells also
expressed GFP, at low levels, indicating that the GATA-1 cas-
settes are essentially inactive in NIH3T3 cells. Hematopoietic
GATA-1 ts Epo BM and GATA-1 ts Epo YS cells were trans-
duced with the same viral supernatants as above, to allow
comparison. In contrast to NIH3T3 cells, most of the hemato-
poietic NGFr-positive cells were also strongly GFP-positive; the
fact that some cells with very low levels of NGFr expression do
express some GFP suggests that the erythroid cassette may be
more easily activated within hematopoietic cells than the SV40
promoter driving NGFr. As expected, the proportion of GFP-
expressing cells was much higher in �HS1�HS2�LGS�N than in
HS2�LGS�N transduced cells.

In similar experiments, in human erythroleukemic K562
cells transduced with �HS1�HS2�LGS�N, the GFP was ex-
pressed at MFI (2.5-fold higher than that in cells transduced
with HS2�LGS�N (not shown). These results confirm that
erythroid restriction of transgene expression by the HS2 ele-
ment of the GATA-1 gene is maintained also when this element
is used in combination with the �HS1 element of the GATA-
1 gene.

An Improved Vector Backbone Further Increases Gene Ex-
pression Activity—Another approach to increase the overall
efficiency of transgene expression was to improve the vector
characteristics at the post-transcriptional level. We compared
the �SFCM backbone (originally derived from the LXSN vec-
tor) with that of the M�N vector (originally derived from MFG
(37)), in which the primary genomic transcript is spliced from a
combination of the viral gag donor and env acceptor sites, and
the expressed cDNA is cloned in-frame with the env start codon
and translated under the control of the highly efficient env
leader sequence. The U3 LTR sequence in M�N vector (38),
containing the �LNGFr as marker gene, was deleted and
replaced by the chimeric LTR from the �HS1�HS2 ��SFCM
vector, generating the �HS1�HS2�M�N vector. The improve-
ment of gene expression obtained with these modifications
was investigated at the level of RNA accumulation by North-
ern blot analysis and of protein synthesis by FACS analysis.
Mouse GATA-1 ts Epo BM cells and human erythroid HEL
cells were transduced, using the same conditions of infection,
with �HS1�HS2�SFCM and with �HS1�HS2�M�N viral superna-
tants and grown in culture as bulk population. Transduction effi-
ciency with the �HS1�HS2�SFCM and �HS1�HS2�M�N vectors was
above 80% in all cell lines. �LNGFr expression, in terms of MFI,
was 2–5-fold higher in cells transduced with �HS1�HS2�M�N vec-
tor than in those transduced with the HS2�SFCM vector and ap-
proached that of the wild type M�N vector. The increased expres-
sion observed with M�N vector was at the level of RNA
accumulation (data not shown).

DISCUSSION

DNA Sequences Regulating GATA-1 Expression—The DNA
region surrounding the HS1 site of the mouse GATA-1 gene
appears to play a central role in GATA-1 expression in trans-
genic experiments, as it is essential for high level activity in
hematopoietic cells in general, and in particular for expression
in embryonic erythroblasts (12–16). It is likely that a certain
degree of functional redundancy exists in the GATA-1 gene
region; in fact, the deletion from the endogenous GATA-1 gene
of a region comprising HS1, by homologous recombination, has
little effect on GATA-1 expression in erythroid cells (7). Nev-

ertheless, characterizing functional elements of the GATA-1
HS1 region may lead to the discovery of important regulatory
factors for GATA-1 expression. In this regard, it is relevant
that the single HS2 site, in the absence of any additional
GATA-1 regulatory elements, was able to confer proper expres-
sion of a reporter gene within the SFCM retrovirus in stem
cell-derived early hematopoietic progenitors and erythroblasts
(19).

Cooperation between HS1 and HS2—Our results show that
HS1, unexpectedly, is unable to direct hematopoietic cell ex-
pression of a reporter gene when inserted alone into the SFCM
LTR. This is in contrast with evidence obtained in transient
and stable transfection experiments by ourselves and others
(14–16). However, the same element significantly stimulates
the activity of a linked HS2 sequence. The HS1 element con-
tains a GATA-binding motif that might bind either GATA-1 or
GATA-2 and that might play a role in an autoregulatory loop
and/or in the initial activation of the GATA-1 gene itself (14–
16). In fact, the HS1 GATA-binding sequence was found to be
essential in transient transfection assays of HS1 alone (14) as
well as in transgenic constructs carrying HS2 and other regu-
latory elements (12, 13, 15, 16) within wild type or even
GATA-1� mutant mice. In our experiments, HS1 synergizes
with HS2 (Fig. 5) even when the HS1 GATA-binding site is
mutated; this suggests that sequences other than the sole
GATA-binding site are important within HS1 for its functional
cooperation with HS2. The discrepancy between the previously
described requirement for the GATA-binding site and our pres-
ent data might be explained by the different arrangement of
HS1 and HS2 in the transgenic versus the retroviral constructs;
in the latter one the HS1 and HS2 sites are immediately
adjacent, and the strong GATA-1-binding element of HS2
might be sufficient for activity, whereas in the transgenic con-
structs HS1 and HS2 are separated by almost 3 kb and may
thus act independently.

Negatively Acting Elements—In vivo footprinting studies
have so far identified within HS1 only two sites that are foot-
printed in vivo, thus directly implying a significant functional
role: the GATA-binding site (14) and the upstream 59–69 foot-
print (see above). The latter footprint is immediately adjacent
to a GC-rich region that binds SP1 in vitro and the erythroid
EKLF factor weakly (data not shown) and yields a weaker
footprint. Binding sites for other (uncharacterized) factors also
lie upstream to the footprint. When HS1 deleted in the footprinted
region is added to HS2, the resulting construct �HS1�HS2�SFCM is
more active than the undeleted HS1�HS2�SFCM.

It is interesting that �HS1�HS2 expression is stronger in the
yolk sac-derived cell line than in the bone marrow line immor-
talized by a T gene dependent on HS2 activity. This is in
keeping with the notion that HS1 is strictly required for
GATA-1 expression in yolk sac cells (12, 13, 15, 16).

The functional effect of the deletion of the 59–69 region (Fig.
3) can be reproduced, at least in part, by a mutation (core
mutant) that destroys the binding of IVFP (Fig. 2B). Thus a
specific ubiquitous protein, IVFP, might negatively regulate
HS1 activity (or its ability to cooperate with HS2) in our ex-
perimental system. However, it is possible that the stronger
effect of the deletion (versus the core mutation) might also be
due to a perturbation of the architecture of the region intro-
duced by the deletion itself. The deletion might favor the func-
tional cooperation of factors binding to the sequences flanking
the footprinted region by joining them into a single DNA
stretch (Fig. 1A). It is of further interest that the HS1 core
mutation, while improving reporter expression in a large sub-
set of cells, also significantly increases the number of cells that
fail to express (Fig. 3B).
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Similarly, the HS1 5� mutation results in a bimodal distri-
bution of reporter activities, with a large proportion of non-
expressing cells (Fig. 3B). Intriguingly, HS2�SFCM, although
active at relatively low levels, is expressed in the majority of
the cells (Fig. 3A). These results indicate that sequences
within HS1, when mutated, might interfere with the activity
of the adjacent HS2 element. It is possible that the IVFP
binding region and flanking sequences include elements af-
fecting “chromatin opening” or boundaries shielding HS1
from the effects of neighboring sequences. Alternatively, the
mutations introduced (but not the deletion) might have inad-
vertently generated negatively acting elements. Future
methylation studies of integrated sequences carrying normal
and mutated IVFP binding region might help to solve this
problem.

We wish to stress that because of the differences between the
relative arrangement of HS1 and HS2 sequences within the
retroviral constructs and their in vivo location, we cannot infer
from these data the in vivo role of the IVFP-binding sequence
in GATA-1 regulation; however, the in vivo footprint points to
a significant functional role within hematopoietic cells. In fu-
ture work we will try to identify additional binding sites for
IVFP within the mouse GATA-1 gene, and possibly other eryth-
roid genes, and to assess the functional role of the footprinted
region by transgenic experiments. From the evolutionary point
of view, the IVFP-binding site is very weak or lost in the human
HS1, but other possible binding sites within the human
GATA-1 gene have not been studied yet. Interestingly, a perfect
(17/17 nt) match between the footprinted region in GATA-1 and
a mouse activin receptor type II sequence immediately down-
stream to the promoter was detected; this sequence efficiently
binds IVFP in vitro, thus suggesting a possible role for IVFP in
the regulation of this gene (not shown).

Improvement of Erythroid-specific Retroviral Vectors—The
traditional approach to gene therapy of inherited hemoglobin
disorders has relied on the use of globin gene LCR-derived
cassettes, recently achieving promising results (17, 18). The
large size of the fragments necessary for optimal LCR activity

(i.e. expression level and full insulation from position effects)
has been an obstacle to the formation of high titer, high effi-
ciency vectors which do not undergo structural rearrange-
ments. As an alternative approach, other erythroid regulatory
elements have been used instead of the LCR (19–23), including
the GATA-1 HS2 enhancer. Its relatively small size allowed us
to insert it directly into the LTR, replacing the viral enhancer.
This element converts the ubiquitously active LTR into an
erythroid enhancer-promoter, but the activity obtained with
this vector is significantly lower than that of the wild type LTR
(19, 21).

The present results show that simply adding a short se-
quence (HS1) to the GATA-1 HS2 and appropriately mutating
a negatively acting element (Fig. 5) creates a much better
cassette for hematopoietic expression that retains the hemato-
poietic specificity already shown for the HS2 cassette (19). The
average activity conferred by the �HS1�HS2 element ap-
proaches that of the wild type LTR in both the SFCM (Fig. 3, B
and C) and M�N vectors (Fig. 6). The peak obtained with the
�HS1�HS2 element is broader than that of SFCM, with a sig-
nificant proportion of cells even exceeding the maximum ex-
pression level of the Moloney enhancer-based vector SFCM.
The greater variance of the expression of the �HS1�HS2�SFCM
vector versus the wild type SFCM vector is evidence that the
former construct may not be fully insulated from position of
integration effects. Nevertheless, the large majority of G418-
resistant cells express the reporter gene, and the proportion of
expressing cells remains fairly constant for tens of division
cycles even in the absence of the selective agent. It will be of
interest to test if these vectors can equally and efficiently drive
globin gene expression in erythroid cells.
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