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ABSTRACT Murine cell lines releasing helper-free recom-
binant retroviruses containing human a-globin and mouse/
human hybrid 1-globin genes were generated. The expression of
the hybrid P-globin gene but not the human a-globin gene was
regulated appropriately in infected mouse erythroid leukemia
(MEL) cells. Murine bone marrow cells were infected by cocul-
ture with virus-producing cells and transplanted into lethally
irradiated syngeneic recipients. Greater than 90% of the spleen
colonies (12-15 days), which are derived from hemopoietic
multipotential stem cells, showed proviral integration. Various
levels of expression ofthe transduced globin genes were detected
in all ofthe provirus-positive spleen colonies. Proviral sequences
and transcripts from the transduced globin genes could also be
detected in a few long-term reconstituted recipients in an ob-
servation period of 10 months after transplantation.

In the past few years retroviral vectors have increasingly
been used to introduce foreign genes into cells, tissues, and
whole animals. The ability to generate high-titer, helper-free
recombinant retroviruses, combined with their ability to
infect a large variety of cell types, has contributed to their
popularity as versatile vectors for gene transfer. Many in-
vestigators have entertained the notion of using recombinant
retroviruses as primary vehicles for introducing genes into
cells, with a view toward somatic cell gene therapy. One of
the tissues often considered for gene therapy is the bone
marrow because of the presence of pluripotent stem cells
capable of proliferation and differentiation during the entire
life span ofan individual. Work from many laboratories using
recombinant retroviruses to infect pluripotent stem cells
suggests that (i) it is possible to efficiently infect mouse bone
marrow cells and (ii) upon reconstitution ofthe infected bone
marrow cells, the expression of foreign genes carried by
means of the retroviral vectors is generally very poor (1-11).
We have been interested in introducing human a- and

f3-globin genes into mouse bone marrow cells with the
ultimate goal of demonstrating the feasibility of somatic gene
therapy for human hemoglobinopathies. In this communica-
tion we report the construction and expression of high-titer
retroviral vectors containing human a-globin and mouse/
human hybrid ,3-globin genes in blood cells following trans-
plantation of infected bone marrow cells in lethally irradiated
mice. We show low but sustained expression (5 months) in
long-term reconstitution experiments.

MATERIALS AND METHODS
Animals, Cell Culture, and Virus Infection. Adult male and

female C57BL/6J mice (6-8 weeks old) were obtained from
The Jackson Laboratory. All the cell lines (12-15) except the
mouse erythroid leukemia (MEL) cells were maintained in

Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% (vol/vol) calf serum (HyClone) in a 10%
CO2 atmosphere. MEL cells were maintained in DMEM with
15% (vol/vol) horse serum. The generation of virus-
producing cell clones releasing ecotropic recombinant retro-
viruses and the virus titer assay were carried out essentially
as described (16). Helper virus was assayed by the marker
rescue method (3). The concentration of G418 (GIBCO) used
to select for neomycin-resistant (NeoR) cells in the viral
assays was 400 ,g/ml (active). For induction of differentia-
tion in MEL cells, dimethyl sulfoxide (DMSO) was included
in the growth medium at a final concentration of 1.8% for 4
days.

Plasmids and Vector Construction. To construct a- and
/3-globin recombinant viruses, various DNA fragments of the
globin genes were individually inserted into the unique Xho
I site of the N2 vector containing the bacterial neomycin
phosphotransferase gene (17). The 1.5-kilobase (kb) Pst I
human a-globin DNA fragment was derived from the plasmid
pSvoalp3d; the 4.4-kb Pst I and the 4.1-kb HincII-Xba I
human j3-globin DNA fragments were derived from plasmids
pSP65BPst(+) and pHB8, respectively, whereas the 2.3-kb
Cla I-Xho I mouse/human hybrid 83-globin DNA fragment
was derived from pMH/3 (18). The DNA fragment contains
the 5' portion of the mouse I3rai-globin gene (-106 nucleo-
tides upstream of the cap site) and the 3' portion ofthe human
P gene (+2200) fused at a conserved BamHI site in the second
exon of both genes. In addition, the 5' untranslated region of
the hybrid 8-globin gene contains a 12-base-pair insert at
position +28 to discriminate between accurately initiated
transduced and mouse endogenous /-globin genes.
Bone Marrow Cell Infection. Bone marrow cells flushed

from the femurs and tibia of adult 8- to 14-week-old C57BL/
6J mice were collected and cocultivated with irradiated (20
grays) virus-producing cells plated 24 hr previously in
DMEM supplemented with 20% fetal calfserum, 10% WEHI-
3B conditioned medium, and Polybrene (Aldrich) at 6 ,g/ml.
Two days after cocultivation, G418 was added to a final
concentration of 2 mg/ml (active substance), and the cultures
were incubated further for 48 hr before harvest. The super-
natant containing the nonadherent bone marrow cells was
collected and replated to remove any adhering fibroblast
cells. The bone marrow cells were injected by means of the
tail vein into syngeneic mice that had received a single dose
of irradiation (9.5 grays from a cobalt source). For the
isolation of individual spleen colonies, 104-105 cells were
injected, whereas 105-106 cells were used to generate long-
term reconstituted mice. Peripheral blood (100-,ul) samples

Abbreviations: LTR, long terminal repeat; DMSO, dimethyl sulfox-
ide; NeoR, neomycin resistant; nt, nucleotide.
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were collected from the tail vein at differei
after transplantation for DNA and RNA al
experiments, spleen fragments were collec
splenectomy. Eight to 10 months after tra
recipient mice were sacrificed; single-cell si
bone marrow, spleen, thymus, and mesente
were prepared for DNA and RNA analy
recombinant DNA procedures.

RESULTS
Generation of Recombinant Retroviruses.
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and mouse/human hybrid p-globin genes,
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FiG. 1. Structure of the various constructs, t
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amined is in parentheses. The presence of an int
ture was based on Southern blot analysis. pN2, N
human /3-globin gene Pst I fragment; pNM/8-H
HincII-Xba I fragment; pNM/H(3, 5' mouse ,3"
3-globin gene; pNHa, human a-gtobin gene fragm

of the promoter of globin gene in the same orient
LTR promoter; -, opposite orientation of the glc
as compared to LTR; CFU, colony-forming
indicate the locations of exons; the bent arrow
moters; vertical arrows indicate poly(A) additiot

nt time intervals tion, individual spleen colonies were isolated and analyzed
nalysis. In some for the presence of a 4.7-kb diagnostic fragment of the
-ted after partial proviral DNA. Greater than 90%6 of the colonies showed
nsplantation, all intact proviral DNA (data not shown). RNA was isolated
uspensions from from individual colonies and analyzed by RNase protection
ric lymph nodes for the expression of human a-globin mRNA. As shown in
,sis by standard Fig. 2A, most of the spleen colonies exhibited a protected

133-nucleotide (nt) a-globin mRNA-specific fragment. The
level of expression varied between colonies and generally
represented only 0.1-1% of the endogenous mouse a-globin

The structure of RNA (compare with Fig. 2B; nearly 20 times less RNA was
id f3-globin genes used in Fig. 2B).
the titer of the A total of 25 long-term reconstituted mice were analyzed
4eoR colony, and for human a-globin mRNA transcripts in the peripheral blood
leoR colonies are at different time intervals after transplantation. Low levels of
iclusions can be expression of human a-globin transcripts could be observed
erating high-titer in two mice (Fig. 2C). In mouse no. 1 the human a-globin
s independent of gene transcripts could be detected up to 5 months after
:t to the promoter transplantation (Fig. 2C, lanes 1, 5, and 9), and in mouse no.
XNA structure is 2 it was detected only at the fourth month after transplanta-
globin genes is tion (Fig. 2C, lane 6). In a parallel experiment, partial

of the viral long splenectomy was performed at various times after reconsti-
n Fig. 1), (iii) no tution, and Southern blot analysis of the genomic DNA from
human ,B-globin spleens of five mice showed that two mice were positive for
lred tothemouse proviral integration. In one mouse the proviral DNA was
tof 26), and (iv) detected after 3 months, whereas in the other the proviral
rtoviruseshad00 DNA was evident only after 6 months (data not shown). To

further analyze the expression of the human a-globin gene in
rColomies. Fresh these two mice, various organs were collected for DNA and
h-titer human a- RNA analysis. Furthermore, spleen cells were crudely sep-
tpriate manipula- arated by panning into B cells and T cells. RNase protection
cted into lethally analysis of the a-globin RNA transcripts showed that one
ys of reconstitu- mouse that had been reconstituted for 3 months expressed

low levels in B cells and lymph nodes (Fig. 2C, lanes 14 and
15). In the second mouse, no expression was detectable. We

no'rec ~ conclude that human a-globin gene transcripts can be ob-
-Fs 1- ovra served in peripheral blood after transplantation of infectediP'sC7I>C, bone marrow cells, but the levels are very low and are not

regulated in a tissue-specific manner.
Regulated Expression of the Mouse I`4/Human (3-Globin

Hybrid Gene. Since the expression of the human a-globin
gene is not regulated, we wanted to determine if cells infected
with the recombinant retroviruses containing the mouse/
human hybrid l3-globin gene show regulated expression. It
has previously been shown that sequences in the 5' and in the

K<>!,}:' !,, 5-- intron of the 3-globin gene are required for its erythroid-
specific expression (19, 20). We therefore infected MEL
cells, which upon treatment with chemical inducers can
undergo a coordinate series of morphological and biochem-
ical changes mimicking normal adult erythroid cell differen-

6.21(3 24'26 tiation. G418-resistant MEL cells were isolated and induced
with DMSO, and total cellular RNA was isolated from
induced and uninduced cells. The probes used can identify a
protected 152-nt fragment diagnostic of the mouse/human
hybrid gene and a 118-nt fragment corresponding to endog-

8̂?v^Qenous mouse pmaJ-globin gene. Analysis of uninfected control
MEL cells showed a series of fragments of -118 nt in length
that increased at least 10-fold after induction with DMSO

:iters of the recom- (Fig. 3A, lanes 1 and 2). In infected MEL cells an additional
s1A in various con- band of 152 nt representing the mouse/human hybrid gene
NeoR colonies ex- was detected upon induction with DMSO (compare lanes 3
Lact provirus struc- and 4 in Fig. 3A). In clones 27 and 31, the degree of induction
2 vector; pNMB-P, of mouse/human hybrid genes appears to be comparable to
X, human ,B-globin that observed with the endogenous mouse 83-globin gene. To
a'/human 3' hybrid determine whether transcripts from the transduced hybrid
lent; +, onentation 13-globin gene terminated correctly, a 8-globin gene probe

)bin gene promoter specific for the 3' portion of the human /3-globin gene was
unit. Filled boxes used. As shown in Fig. 3B, only in infected MEL cells, a
s indicate the pro- series of 210- to 212-nt protected fragments inducible with
n signals. DMSO treatment can be observed.
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Mouse/Human Hybrid f-Globin Gene Expression in Spleen
Colonies. In experiments analogous to those performed with
the human a-globin gene recombinant retroviruses (Fig. 2), we
cocultivated fresh mouse bone marrow cells with q2 cells
producing mouse/human 83-globin retrovirus. Fig. 4A shows
that all the spleen colonies contained 1-3 copies of unrear-
ranged P-globin proviruses as judged by the diagnostic 5.6-kb
DNA fragment. RNase protection analysis indicated that, in
addition to the endogenous mouse P3-globin-protected frag-
ment (118 nt), an additional protected fragment of 152 nt,
corresponding to the mouse/human hybrid f3-globin gene, was
present in the RNA obtained from the spleen colonies (Fig.
4B). The relative signal intensity of the two protected frag-
ments (152 and 118 nt) indicated that the retrovirally trans-
duced hybrid (3-globin gene is expressed at <0.1% of the level
of the mouse endogenous pmaiglobin gene in the spleen
colonies. Furthermore, the level of expression of the trans-
duced hybrid f3-globin varied between individual spleen col-
onies and had no apparent correlation with the proviral copy
number. Similar results were obtained when a 3' probe specific
for the human f3-globin gene was used as a probe (Fig. 4C).
Long-Term Expression of the Mouse/Human Hybrid (-

Globin Gene. Peripheral blood samples were collected at
different time intervals after transplantation and analyzed for
evidence of proviral integration and expression of the trans-
duced hybrid (-globin gene. Fig. 5 shows such an analysis of
seven animals 3 weeks after transplantation. Nuclease S1
protection analysis of RNA prepared from peripheral blood
cells revealed that six out of seven animals showed significant
though varying levels of hybrid 83-globin gene expression.

FIG. 2. Expression of human a-

globin RNA. (A and B) Ribonuclease
protection analysis of total RNA iso-
lated from 12- to 15-day spleen colo-
nies. (A) Five micrograms of total
RNA was analyzed for the presence
of human a-globin RNA. (B) One-
fourth microgram of total RNA was
used for analysis of mouse a-globin
RNA. The protected size fragment is
indicated by an arrow. (C) Ribonu-
clease protection of total RNA iso-
lated from peripheral blood samples
collected at different time points as
indicated above the autoradiogram
(lanes 1-12). Lanes 13-15 contain
RNA isolated from T cells, B cells,
and lymph node cells from a long-
term reconstituted mouse (3 months).
Total RNA was isolated from 100 ILI
of peripheral blood and from the tis-
sues indicated and analyzed for hu-
man a-globin mRNA. The protected
fragment is indicated by an arrow.
The structure of the human a-globin
RNA probe and the size of the pro-
tected fragment are indicated in the
diagrammatic sketch.

However, by 4 months after transplantation, only one mouse
(no. 10, Fig. SB) showed evidence of low-level expression of
the hybrid P3-globin gene. Two recipients were identified to
contain cells harboring proviral sequences in their blood
samples throughout the period of observation of 10 months
after transplantation, indicating that the hemopoietic stem
cells have been infected with the recombinant retroviruses.
However, no hybrid 3-globin transcripts could be detected in
these mice. Ten months after transplantation, one mouse was

sacrificed and DNA and cytoplasmic RNA from various
hemopoietic organs were extracted for analysis. In this
mouse, proviral sequences could be detected in spleen, in
mesenteric lymph node cells, and to a lesser extent in the
bone marrow cells and thymocytes (Fig. SC), but no hybrid
P3-globin message could be detected.

Finally, to determine whether the "infected" bone marrow
cells after the preselection phase successfully engrafted the
lethally irradiated recipients, bone marrow cells from male
mice were used to reconstitute female recipients in a series of
experiments. By using a Y chromosome-specific probe, it
was determined that all recipients (5 out of 5) receiving
unselected (no G418 preselection) infected bone marrow cells
contained a significant number of donor cells in their periph-
eral blood 6 months after transplantation. However, no or
few donor cells were found in the peripheral blood in a large
proportion (6 out of 10 and 5 out of 7 animals in two separate
experiments) of mice receiving preselected infected bone
marrow cells, presumably due to loss of progenitor cells
during G418 selection.
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FIG. 3. Expression of hybrid 13-globin RNA in MEL cells. (A)
Hybrid /-globin RNA was measured in induced and uninduced MEL
cells by RNase protection analysis. Total RNA was isolated from
pools of 0418-resistant cells resulting from infection with the hybrid
13-globin amphotrophic virus. (B) The same samples ofRNA used in
A were assayed by S1 nuclease mapping to detect the 3' end of the
hybrid (-globin RNA. (C) The structure of the hybrid 13-globin gene
and the probes used in the experiment are indicated in the diagram-
matic sketch.

DISCUSSION
Our studies show that human a-globin gene can be trans-
duced and expressed in murine hematopoietic stem cells. We
also show that retroviral constructs containing the hybrid
mouse/human /3-globin gene are more stable than the com-
plete human P-globin gene. Our work also demonstrates that
retrovirally transduced genes can be detected for at least 10
months after reconstitution of infected bone marrow progen-
itor cells.
We had three principal goals: (i) generation of high-titer

recombinant retroviruses with unaltered genes, (ii) efficient
introduction into progenitor cells, and (iii) monitoring expres-
sion in recipients after long-term reconstitution. This is
particularly important when the constructs contain more than
one gene. Our data utilizing a selectable (NeoR) and a
nonselectable (globin) gene support the following general
observations. (i) The titer of the recombinant retroviruses
differs in different clones. The exact reason for this hetero-
geneity, which can vary between 102 and 106 virus particles,
remains obscure, but from practical considerations, it is
important to screen individual clones for the titer of recom-
binant viruses. (ii) In constructs containing more than one
gene construct, the integrity of the individual genes (i.e.,
correct proviral structure) should be ascertained. As shown
in Fig. 1, the a- and /3-globin gene proviruses undergo
alterations even though high-titer NeoR retroviruses can be

Mouse _
118 NT

C

-U-#

Spleen Colonies
2 3 4 5 6 8 9 10

NT .. ; B

FIG. 4. DNA and RNA analysis of the individual spleen colonies
transduced with hybrid ,3-globin gene. (A) Southern blot analysis of
DNA from individual spleen colonies. The DNA was digested with
the enzyme Kpn I and probed with the nick-translated neomycin gene
probe. uf2 cell DNA was used as control. (B) Ribonuclease protection
analysis of RNA isolated from 12- to 15-day spleen colonies. Total
RNA was analyzed for the presence of both hybrid f3-globin and
endogenous mouse j3-globin RNA. The protected sizes are indicated
by arrows. RNA from uninfected MEL cells and from MEL cells
infected with ,3-globin gene virus [MEL(+) and C, respectively] was
included as control. (C) S1 nuclease mapping of the RNA samples
isolated from the spleen colonies to detect the 3' end of the hybrid
,8-globin RNA. The protected size is indicated by an arrow.

generated. (iii) The orientation of the second gene promoter
should be opposite to that ofthe LTR promoter. Only in those
constructs where the globin gene is in the opposite orienta-
tion could correct proviral structures be identified. This
observation is in agreement with those previously reported
for globin and other genes (5-7, 9). (iv) The titers of the
recombinant viruses are not influenced by the orientation of
the genes in the retroviral constructs. (v) Some genes have
sequences that interfere with the generation of intact provi-
ruses. As shown in Fig. 1, no recombinants could be obtained
with the intact human /3-globin gene [pNHf-P(-) or pN/3-
HX(-)]. However, replacement ofthe 5' region of the human
,3-globin gene with the mouse pmlJ-globin gene allows the
generation of recombinants with intact proviruses. These
results are in agreement with Miller et al. (21) who showed
that removal of sequences 5' to intron 2 in the human f3-globin
gene generated recombinants with intact proviruses.
The regulation of the 83-globin gene has been well docu-

mented and requires sequences in intron 2 (19, 21). We show
that retroviruses containing the mouse/human hybrid /-globin
gene can be appropriately regulated in MEL cells (Fig. 3 A and
B). Thus it is likely that these recombinant retroviruses will
maintain their erythroid expression in intact animals as has
been shown by Dzierzak et al. (5). In contrast, the human
a-globin gene is not expressed in a tissue-specific manner.
Unlike /3-globin retroviruses, the fibroblasts infected with
a-globin retroviruses produce copious amounts of a-globin
mRNA. Furthermore, in long-term reconstituted mice (Fig.
2C), human a-globin transcripts could be detected in B cells
and lymph nodes (Fig. 2C). Recently, a number of investiga-
tors have identified a locus activation region (LAR) nearly 60
kb upstream ofthe ,3-globin locus that, once linked to ,8-globin

A
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FIG. 5. Expression of hybrid P-globin RNA in long-term recon-
stituted mice. (A and B) S1 nuclease mapping of the RNA isolated
from peripheral blood samples of the .-globin transduced mice at the
indicated time points. Lane C in B contains an RNA sample from
DMSO-induced MEL cells infected with the hybrid 3-globin gene
virus. (C) Southern blot analysis of DNA isolated from one of the
long-term reconstituted mice. A 5.6-kb expected band is indicated by
an arrow. The qi2 lane contains a DNA sample isolated from qk2 cells,
and the MH.31 lane contains DNA isolated from an ecotropic hybrid
P-globin virus-producing clone.

gene, enhances expression in a tissue-specific manner (22-30).
Perhaps some of these sequences in retroviruses containing
the a-globin gene may allow erythroid specificity.

Several investigators have shown that mouse pluripotent
stem cells can be infected with recombinant retroviruses
(1-10). Presently the major problems are (i) the requirement
of high-titer recombinant retroviruses (usually greater than
105 virus particles per ml), (ii) detection of recombinant
proviral DNA in the peripheral blood cells for a sustained
period in only some lineages, and (iii) parsimonious expres-
sion of the recombinant genes. Additionally, our results
presented here show that, although the inclusion of prese-
lection with G418 following cocultivation enriched the pro-
portion of colony-forming units-spleen harboring proviral
sequences, most of these cells apparently do not have self-
renewal capacity. Using the Y chromosome-specific probe to
differentiate donor and recipient cells, we showed that bone
marrow cells after G418 selection apparently did not engraft
the lethally irradiated recipients as efficiently as the unse-
lected cells. A similar observation has been reported in
studies using W/WI mice (31). Recently, Bodine et al. (32)
and Correll et al. (33) have shown that the combination of
interleukins 3 and 6 in the culture medium increases the
frequency of retroviral gene transfer by increasing the num-

ber of stem cells in the cycle. Alternatively, purification of
stem cells prior to infection seems to increase the population
of stem cells infected as shown recently (34). Redesign of
retroviral vectors for the generation of high-titer globin-
containing viruses and improvement in culture conditions for
high efficiency of viral infections and maintenance of the
long-term repopulating capability of the infected stem cells
are necessary for effective retrovirus-mediated gene transfer
for gene therapy.
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