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ABSTRACT A high-titer amphotropic retroviral vector
containing the neomycin resistance gene and a hybrid y-I3
genomic human globin gene has been constructed. Mouse
erythroleukemia cells infected with this virus were found to
contain the full transcriptional unit of the transferred human
globin gene by Southern blot analysis. These cells contain
normally initiated, spliced, and terminated human globin
mRNA. The human globin mRNA level increased 5- to 10-fold
upon induction of the mouse erythroleukemia cells. Human
globin chains were produced but only in a fraction of the cells
as detected by immunofluorescent staining. A similar retrovi-
rus containing a human I3-globin gene was used to transduce
mouse erythroleukemia cells resulting in much higher levels of
human globin synthesis than detected in mouse erythroleuke-
mia cells transduced with the y-j3 globin virus.

Retroviruses are animal viruses with an RNA genome that
can infect a wide variety ofhost cells. After entering cells, the
RNA genome is reverse transcribed into DNA, and the
double-stranded DNA intermediate integrates with high ef-
ficiency into cellular DNA creating the provirus (1). Integra-
tion occurs at specific sites in the viral genome but the
insertion sites in the cellular genome are random or semiran-
dom (2). A large proportion of the retroviral genome can be
replaced by inserted genes without compromising their abil-
ity to become encapsidated into virions. Furthermore, helper
cell lines (3, 4) can package recombinant viruses without
contamination by a helper virus. The wide host range,
efficient integration mechanisms, and packaging of helper-
free recombinant viruses make retroviruses prime candidates
to deliver genes efficiently into cultured cells and whole
organisms (5, 6).

Retroviral vectors have been used successfully to deliver
genes into hematopoietic stem cells of mice (7-10), into
hematopoietic progenitor cells of man (11, 12), and into
fertilized mouse eggs to achieve germ-line gene transfer
(13-15). To achieve efficient gene replacement therapy using
retroviral vectors (16), effective delivery of the gene is a
necessary but not a sufficient condition. In addition the gene
has to function efficiently and appropriately. A large body of
information exists about the effective delivery of genes using
retroviral vectors (5, 6) but less is known about appropriate
regulation of the transferred genes when they are controlled
by tissue-specific promoters. A virus containing a rat growth
hormone minigene has been shown to produce inducible rat
growth hormone mRNA production (17). A genomic globin
gene has been inserted into a retrovirus, transferred into
mouse erythroleukemia (MEL) cells, and shown to result in
regulated production ofhuman globin mRNA, but at very low

levels (18). We show here that a different retrovirus, based on
the N2 vector (9, 10), containing a genomic human globin
gene can, after transfer into MEL cells, express high levels
of mRNA in a regulated fashion and in addition lead to
production of the human globin polypeptide chain in induced
MEL cells.

METHODS
Cells and Viruses. All cell lines were grown in Dulbecco's

modified Eagle's medium (DMEM) containing 10% (vol/vol)
fetal bovine serum (Hyclone) except 4i2 cells (3), obtained
from R. C. Mulligan, that were grown in 10% (vol/vol) calf
serum (Colorado Serum, Denver, CO). Cell lines for titering
viruses (thymidine kinase-negative 3T3 cells, CCC- cells,
and NRK cells) and amphotropic packaging cell lines PA 12
and PA 317 were obtained from A. D. Miller (4, 19). Diploid
and tetraploid MEL cells (obtained from A. Deisseroth) were
used (20). Viruses containing the neomycin-resistance (neoR)
gene were titered on thymidine kinase-negative 3T3 cells (4)
using 1 g (dry weight) of G418 per liter (GIBCO). Ampho-
tropic helper virus was detected using the S+L- assay (4).

Vector Construction. The plasmid XM5 containing the N2
provirus was provided by E. Gilboa (9, 10). A 2.5-kilobase
(kb) hybrid human yp globin gene was made by ligating a
fragment of the Gvglobin gene [from the Stu I site 386 base
pairs (bp) upstream from the cap site to the BamHI site at the
end of exon 2] to a 3' fragment of the human ,-globin gene
(from the intragenic BamHI site to the Pst I site 689 bp
downstream from the ,-globin gene-coding sequence). This
hybrid y-f gene was inserted into theXba I site ofpUC12 and
excised with Sma I and HincII to create a y-,B globin gene
with blunt ends that was inserted into the blunted Xho I site
of the N2 provirus to create the neoR-globin (NG) virus (Fig.
1). A similar retroviral plasmid containing a 3.4-kb human
,l-globin gene (Apa I site at position -1250 to the Pst I site
689 bp downstream from the p-globin gene-coding sequence)
was also constructed (,B-globin virus). Plasmids having the
globin gene inserted in an opposite orientation to the direc-
tion of viral genomic mRNA transcription were selected (Fig.
1) to avoid rearrangements ofthe inserted gene or splicing out
of the globin gene introns during the RNA phase of the viral
infection cycle (21). Plasmid DNA was introduced into i12
ecotropic helper cells by calcium phosphate-mediated DNA
transfer, and 2 days later the culture supernatant was used to
infect PA 12 amphotropic packaging cells (NG virus) or PA
317 packaging cells (,B-globin virus) (4, 19). MEL cells were
infected with the amphotropic NG virus or the 8-globin virus
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FIG. 1. A diagram of the NG virus. The expanded region of the
2.5-kb ty-3 globin gene shows the exons (dark boxes), introns (empty
boxes), and the 5'- and 3'-noncoding regions (hatched boxes). The
-,S globin gene is inserted in an opposite orientation to the direction
of viral transcription (arrow). The main transcripts of the NG virus
are also shown. Another virus analogous to the NG virus but con-
taining a 3.4-kb human f-globin gene instead of the 2.5-kb gene
was also constructed and is referred to as the 3-globin virus. SD,
splice donor; SA, splice acceptor.

by coculture for 4-18 hr in the presence of polybrene at 5
,g/ml followed by selection in G418 [1 g/liter (dry weight)].
Individual clones were isolated by limiting dilution.
DNA and RNA Analysis. Southern blot and RNA gel blot

analyses were by described methods (20, 22). S1 nuclease
mapping of total cellular RNA (23) was performed using
single-stranded 32P-labeled DNA probes (24). The probe
fragments were inserted into M13 or the pTZ18R and pTZ19R
plasmids (Pharmacia), and their single-stranded forms were
used to synthesize the labeled probe using a primer extended
by the Klenow fragment ofDNA polymerase I (New England
Biolabs).

MEL MEL

Detection of Globin Chains. Human globin chains were
detected by immunofluorescent staining. Cytocentrifuge pre-
pared smears of MEL cells were fixed in methanol and
labeled with monoclonal anti-human t-chain antibody or
anti-human 83-chain antibodies (25) followed by fluoroscein-
conjugated goat anti-mouse IgG [F(ab')2], (Tago, Burling-
ame, CA). Isoelectric focusing was used to compare the
relative synthesis of mouse and human globin chains (26).

RESULTS

The NG Vector. The NG vector contains two promoters,
the viral long terminal repeat and the human -globin pro-
moter, in opposing transcriptional orientations (Fig. 1). The
neoR gene is driven by the long terminal repeat promoter, and
the y-P3 globin gene is driven by the -globin promoter. A cell
clone called G5 that produces NG virus to high titer (2 x 106
colony-forming units/ml when titered on thymidine kinase
negative-3T3 cells selected in G418) was used in all experi-
ments presented here. Two of =10 virus-producing clones
had the intact -p globin gene and a titer > 105 colony-forming
units/ml. The helper genome in PA 12 cells has been shown
to recombine with N2-based vectors (4); the G5 clone
produced helper virus with a titer of 104 focus-forming
units/ml using the S'L- assay (4). The f3-globin virus was
packaged in PA 317 cells (19) and is helper free. Three of 12
clones contained the unrearranged f8-globin gene (titer range
2-20 X 103 colony-forming units/ml), and two of them, 83-2
and 83-12, were used in the experiments described here.
High Levels of Normally Initiated, Spliced, and Terminated

v-f8mRNA Are Produced in NG-Transduced MEL Cells. MEL
cells are murine erythroid cells transformed by the Friend
retrovirus that are arrested at a relatively late stage in
erythroid differentiation (27). Chemical inducers can result in
further differentiation of these cells leading to efficient
expression of endogenous adult a- and ,3-globin genes and
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also adult human globin genes introduced into these cells by
cell fusion orDNA transfection (28). Cloned human 8-globin
and hybrid globin genes have been transferred into these
cells and found to be expressed in a regulated fashion (29, 30).
NG virus-infected diploid MEL cells were selected in G418

and found to contain the full transcriptional unit of the
globin gene integrated into the cellular chromosomes by
Southern blot analysis (data not shown). S1 nuclease analysis
of RNA from these nonclonal populations of MEL cells
showed correctly initiated v-P globin mRNA that can be
increased 5- to 10-fold upon hexamethylene bisacetamide
(HMBA) induction (data not shown). These results are
consistent with studies reporting induction of globin genes
transferred into MEL cells by DNA transfection (29, 30).
To determine whether there was clonal variability in the

extent and nature of y,- mRNA expression, individual clones
were expanded in tissue culture, and RNA isolated from
induced and uninduced cells was analyzed by S1 nuclease
mapping (Fig. 2). Probes were made from the sequence of the
hybrid gene itself to determine whether exon 1, 2, and 3 of the
hybrid gene were appropriately protected in an S1 nuclease
assay. As shown in Fig. 2 mRNA from all clones protected
DNA fragments of sizes corresponding to exon 1 (144 bp),
exon 2 (222 bp), and exon 3 (261 bp). There did not seem to
be a major difference in r-p mRNA levels among the three
clones analyzed, all of which contain levels similar to the
multiclonal population mentioned above.
We compared the human v-P RNA level to that of the

mouse pmaior endogenous genes in the NG-transduced MEL
cells by assaying different concentrations of RNA with
probes for mouse and human globin transcripts. Fig. 3 shows
an S1 nuclease mapping experiment analyzing RNA from the
three MEL clones using both mouse pmajor and human v-P

globin probes. It is clear that 2 1Lg of RNA gives a similar
signal with the mouse probe as 20 ,g gives with the human
probe. In experiments using probes of similar specific activity
with minimal probe reannealing and assaying more than one
concentration of RNA to ensure probe excess, the -,8
mRNA level in induced MEL cells gave values of 7-40% of
the mouse pmaijr mRNA by scanning densitometry.

Expression of Human Globin Chains in Induced MEL Cells.
To determine whether the human vy-P mRNA leads to

production of y,- polypeptide chains, we used a monoclonal
antibody against an epitope that included residue 45 in the
human y-globin chain. By immunofluorescence we could
detect p,8 chains in induced but not in the uninduced
NG-transformed MEL cells (Table 1). The proportion of cells
that are stained with the antibody is low in the multiclonal
population (about 1%) and quite variable from one clone to
another. Two clones, NG5 and NG9, show 2-5% induction
on day 3, which becomes 12-18% on days 5-8. Clone NG11
has <1% of the cells positive for human globin chains despite
high levels of 4,8 mRNA (Figs. 3 and 4). The viability of the
cells remained high throughout the induction (Table 1).
A mixed population of tetraploid MEL cells (not clonal)

Table 1. Detection of the human v-p globin chain in the induced
MEL cells using an anti-y-globin monoclonal antibody and
immunofluorescent staining

Globin synthesis, % positive cells
Day Day Day Day Day Day Day

Cell Assay 2 3 4 5 6 7 8

MEL V6 Benzidine 92
Antibody 0 0 0 0 0 0 0

MEL NG5 Benzidine 92
Antibody <1 4.5 11 18 13 - 7

MEL NG9 Benzidine 96
Antibody <1 2 11 12 12 - 18

MEL NG11 Benzidine 85 95 91 98 100 100
Antibody 0 0 <1 <1 <1 - -

MEL C Benzidine 10.5 32 72 95 100 100
Antibody <1 7.5 40 60 60 60 60

MEL V6 cells represent a population infected with the N2
retrovirus that does not contain a globin gene. NG5, NG9, and NG11
are three different MEL clones transformed with the NG virus. MEL
C is a mixed population of cells that was transfected with a human
v-,8 globin gene by the calcium phosphate technique (30). The
benzidine staining is included to compare expression of the endog-
enous mouse hemoglobin with that of the transferred human -,8
gene. The viability of the cells remained 90-100% (closer to 100%)
throughout the induction. The transfected MEL C cells are tetra-
ploid, the other MEL cells are diploid. Immunofluorescence was as
described (25, 26).

Gene

Probe
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\ \ Ay) and mouse (a, Pminor, Pm'Jor)

MOUSE Ca fmin (maj globin chains are indicated.

transfected (calcium phosphate) with a v-p hybrid gene (30),
which is not cloned into a retroviral vector provirus (MEL C
in Table 1), was also stained with the antibody for compar-
ison. Forty to sixty percent of these cells bound the anti--
globin antibody, indicating that the B-p globin chain is stable
enough to be detected in the MEL cells. The yf mRNA
levels in the NG-transduced MEL clones (Figs. 2, 3, and 5)
are comparable to the v,- mRNA levels in the transfected
MEL cells (30).
The low levels of v-B hybrid chains in the NG-infected

diploid MEL cells could be, at least in part, due to lower
stability of y-B than ( chains. j8-globin viruses (,&2 and ,B312)
were used to infect MEL cells, and human P-globin chain
production was analyzed in the transduced cells by im-
munofluorescent staining (Table 2). A higher proportion of

MEL

0-virus-infected multiclonal MEL diploid cells contains hu-
man globin chains (27.5% and 46%) than NG-infected mul-
ticlonal MEL diploid cells (1%). Human 3-globin chains can
also be detected in P-virus transduced MEL cells using
isoelectric focusing (Fig. 4). The infected tetraploid cell
populations show a higher number of human globin chain
positive cells than the infected diploid cells (Table 2).
Similarly, NG virus-infected tetraploid MEL cells result in
multiclonal populations that have detectable y-,B chains in
2-3% of the cells (compared with 1% in diploid MEL) by
immunofluorescent staining.

Antisense/Sense RNA: Changes During Erythroid Differen-
tiation. Since the genomic globin gene is inserted into the N2
virus in an opposite orientation to the viral transcription unit,
the viral genomic RNA complementary to the globin mRNA
could act as an antisense globin RNA (Fig. 1). There is no
such antisense RNA in the MEL C population containing a
transfected y-f3 gene that produced y-,3 chains in up to 60%
of the tetraploid MEL cells. High levels of globin antisense
RNA are detected in uninduced NG-transformed MEL cells.
This is evident in Fig. 5 where three clones (NG5, NG9, and
NG11) are analyzed. The 500-nucleotide protected fragment
is obvious in uninduced samples of all three clones, but RNA
samples from the same clones induced with HMBA show
little or no antisense globin RNA. Concomitant with the
apparent reduction in antisense globin RNA upon HMBA
induction, there is an increase in y-f globin mRNA (Fig. 5).
This 5- to 10-fold increase in 'y-. globin mRNA upon
induction contrasts sharply with the apparent disappearance
of the antisense globin RNA that occurs simultaneously.
Another probe representing a 360-bp fragment of the neoR
gene shows a slight reduction in the neoR RNA level upon
induction ofMEL cells (data not shown). This indicates that

MEL
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- 234 same as in Figs. 2 and 3 except
the lane indicated by 0 repre-
sents RNA from MEL cells that

- 194 have not been transformed with
a retrovirus (negative control).
All lanes have 20 ,g of RNA
except the BM lane that has 2
,g. (Lower) Probes used. The
antisense probe (top line below
the autoradiograph) was made
from the opposite strand of the
y-,8 gene that was used to make
the sense probe (bottom line).
The nine samples on the left are

- 118 analyzed using the sense probe.
The right side ofthe figure shows

Antisense the same samples analyzed with
the antisense probe. The pro-

Antisense tected DNA probe reflecting the
antisense fragment is present in
all the uninduced NG-trans-
formed clones as indicated by A
(arrow). Methods are the same
as in Fig. 2.
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Table 2. Production of P-globin chains in MEL cells following
retroviral gene transfer

Globin production,
Cell Virus % positive cells

MEL diploid 3-2 46 (4-58)
MEL diploid /-12 27.5
MEL tetraploid 3-2 78.5
MEL tetraploid 13-12 75.5 (43.5-95)

Globin production represents percent of positive MEL cells after
immunofluorescent staining (25, 26) of multiclonal MEL cells infect-
ed with the (-globin viruses indicated. The range (in parentheses)
indicates the number of positive cells in 24 subclones of the
respective multiclonal population.

the viral genomic RNA levels are decreased during erythroid
induction.

DISCUSSION
Retroviral vectors containing human genomic globin genes
have been constructed and used to transfer these genes into
MEL cells. The transferred genes were expressed at high
levels in the form of both globin mRNA and globin protein.
The amount of mRNA we observed was higher than that
generated by a y-f3 globin adenoviral vector transduced into
K-562 cells (32) and those observed when the p-globin gene
was transferred with retrovirus into MEL cells (18). Our
observation of high levels of globin mRNA and the lack of
inducibility of viral genomic RNA expression contrasts with
the data obtained by Cone et al. (18). Considerable differ-
ences in the design of the retroviral vectors and functional
differences between the MEL clones used might explain the
contrasting results. Our data established the potential of
using retroviral vectors to transfer and express globin genes
at high levels in erythroid cells.
We provide evidence of, to our knowledge, the first

well-documented production ofglobin protein achieved using
the mechanism of retroviral-mediated globin gene transfer
(Fig. 4, Table 2). The amount of the human ,-globin protein
synthesized in transduced MEL cells was at least 10% of the
mouse globin level. These data contrast with the results
obtained with the original vector containing a composite ry-3
globin gene. A much lower frequency of positive cells was
observed by immunofluorescence (Table 1), and very low
levels of synthesis of the y-P chain were observed (data not
shown). These low levels of y',3 globin synthesis were
observed in cells that were documented to contain high levels
of the y,-p mRNA. Hence, we infer that the major factor
leading to apparently low levels of protein synthesis with the
v,-8 construction is instability ofthe composite globin inMEL
cells.
Both strands of the globin genes in our vectors are

transcribed. The sense strand is transcribed from the globin
promoter, whereas the antisense strand is part of the tran-
script originating from the viral long terminal repeat. We have
indirect data indicating that the antisense RNA might con-
tribute to the low amounts of y,- chain synthesis. The same
composite gene, when introduced into MEL cells by con-
ventional DNA transfection, led to a much higher frequency
of positive cells, as demonstrated by immunofluorescence.
Sixty percent of such multiclonal tetraploid MEL cells were
positive in contrast to 2-3% of multiclonal cells when the
gene was introduced by a retroviral vector. Of interest is the
fact that y-,8 globin gene expression is lowest in clone NG11
that has the highest antisense/sense globin ratio (Figs. 4 and
5 and Table 1). The "disappearance" of detectable antisense
globin RNA during erythroid induction (Fig. 5) could be due
to formation of globin RNA duplexes. Most experiments
done so far in eukaryotic cells have demonstrated antisense

inhibition by supplying vast excesses of complementary
RNA in trans (33, 34). A lower amount of antisense RNA
might be needed to disturb function of complementary
mRNA when both RNAs are transcribed at the same loca-
tion. To determine the role of antisense RNA and its possible
influence on protein expression will require more detailed
studies using globin gene vectors that do not produce
antisense RNA (18, 35, 36).
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