cially useful (21). Collaborative pro-
grams have clearly buttressed the efforts
of developing countries to help them-
selves.

Although networking is now used in
various scientific endeavors, such as
medicine, agriculture provided an early
seed bed for the concept and most inter-
national networks are concerned with
crop or livestock production. Break-
throughs in agricultural research have
generally come from a combination of
cooperation and competition. In food
crops, collaboration is widespread, par-
ticularly in testing germplasm and devis-
ing improved agronomic techniques. In
the marketing of finished cultivars, on
the other hand, firms often compete for a
share of the market; such competition
benefits farmers and consumers (22).

Whereas most crop networks current-
ly serve only the major cereals and root
crops, other collaborative teams are like-
ly to assemble to upgrade the productivi-
ty and yield stability of minor crops,
such as most millets and tuber cultigens,
that are locally important sources of food
and cash in the Third World. Networks
are also forming to advance research on
microorganisms, such as bacteria in-
volved in nitrogen fixation and yeasts
important in fermentation processes.

RESEARCH ARTICLE

The networking concept, then, will con-
tinue to permeate virtually all aspects of
agricultural research, to the enduring
benefit of farmers and consumers.

References and Notes

1. gigIs)éJ)pont, Int. Dev. Res. Cent. 11 (No. 4), 18

. P.N. Desai, Agric. Admin. 10 (No. 1), 13 (1982).

. C. K. Eicher, Foreign Aff. 61 (No. 1), 151

(1982).

A. H. Moseman, Building Agricultural Re-

search Systems in Developing Nations (Agricul-

tural Development Council, New York, 1970).

5. H. K. Hayes, A Professor’s Story of Hybrid
Corn (Burgess, Minneapolis, 1963).

6. D. L. Plucknett and N. J. H. Smith, Science
217, 215 (1982); , J. T. Williams, N.
Murthi Anishetty, ibid. 220, 163 (1983).

7. Regional Research and Training Workplans,
1981-1986 (International Potato Center, Lima,

W N

>

8. Consultative Group on International Agricultur-
al Research Secretariat, 1983 Report on the
Consultative Group and the International Agri-
cultural Research It Supports: An Integrative
Report (World Bank, Washington, D.C., 1983).

9. M. Murray, D. J. Clifford, G. Gettinby, W. F.
Snow, W. I. M. Mclntyre, Vet. Rec. 109, 503
(1981); , W. 1. Morrison, D. D. Whitelow,
Adv. Parasitol. 21, 1 (1982).

10. Five Years of the IRTP: A Global Rice Ex-
change and Testing Network (International Rice
Research Institute, Los Baifios, Philippines,
1980), p. 4.

11. A Proposal to the United Nations Development
Programme for Continuation of Assistance to
the Global Project, International Rice Testing
Program, for the 4-Year Period, May 1985 to
April 1989 (International Rice Research Insti-
tute, Los Banos, Philippines, 1984).

12. B. E. Swanson, Organizing Agricultural Tech-
nology Transfer: The Effects of Alternative Ar-
rangements (Program of Advanced Studies in
Institution Building and Technical Assistance
Methodology, Indiana University, Blooming-

Infectious and Selectable Retrovirus
Containing an Inducible Rat Growth
Hormone Minigene

A. Dusty Miller, Estelita S. Ong
Michael G. Rosenfeld, Inder M. Verma, Ronald M. Evans

Expression of the growth hormone
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DNA-mediated gene transfer and into
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The structure and mode of propaga-
tion of retroviruses makes them ideally
suited for gene transfer (¢, 5). These
features include efficient transmission to
recipient cells, integration into host
chromosomal DNA, plasticity of the vi-
ral genome for accommodation of foreign
DNA, and the ability to infect a wide
variety of cell types from many animal
species. Selectable genes expressed by
retroviral regulatory elements have been
successfully propagated (5, 6), but the
utility of such vectors would be greatly
extended if nonselectable genes ex-
pressed from independent promoters
could also be transferred. Thus, the
many advantages of retroviral gene
transfer could be utilized for the study of
fundamental aspects of eukaryotic gene
expression.

We describe the construction of a se-
lectable retroviral vector containing a rat
GH minigene. Recovered high titer ret-
rovirus leads to GH synthesis and secre-
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Abstract. A growth hormone minigene carrying its natural promoter (237 nucleo-
tides of chromosomal DNA) was stably propagated in a murine retrovirus containing
hypoxanthine-guanine phosphoribosyltransferase as a selectable marker. Glucocor-
ticoid and thyroid hormone inducibility was transferred with the growth hormone
gene. Recombinant virus with titers. of 10° per milliliter was recovered. This
demonstration that retroviruses can be used to transfer a nonselectable gene under
its own regulatory control enlarges the scope of retroviral vectors as potent tools for

gene transfer.

tion in infected cells. Furthermore, the
GH promoter in this vector is functional
and GH synthesis is inducible by both
glucocorticoids and thyroid hormone.
Construction of GH transducing vec-
tor. We have previously described the
construction of a selectable retrovirus
(pLPL) which contains the coding se-
quences for human hypoxanthine-gua-
nine phosphoribosyltransferase (HPRT,
E.C. 2.4.2.8) (5). In this vector, a com-
plementary- DNA (cDNA) copy of the
human gene coding for HPRT is ex-
pressed under the transcriptional control
of the viral long terminal repeats
(LTR’s). Infection of HPRT-negative

mammalian cells with HPRT-virus gen- -

erates HPRT-positive colonies at high
frequency. A GH minigene was inserted

into this selectable retroviral vector (Fig.
1). The GH minigene consists of a full-
length cDNA clone of GH linked to 237
nucleotides of upstream sequences of the
GH gene (2, 7). The minigene was insert-
ed in both orientations into the HPRT-
virus so that its potential transcription
would occur in the same direction as the
virus or the opposite one (pLPGHL and
pLPHGL, respectively; see Fig. 1).
Transfection and rescue of virus con-
taining HPRT and GH genes. DNA con-
structs representing each orientation of
the minigene were introduced into 208F
HPRT™ rat cells by calcium phosphate
precipitation, and HPRT™" colonies were
selected in HAT medium (8) and pooled
for analysis. Table 1 shows that these
pooled transfectants secrete significant

Pvu I

CAP

Pvu II

[—237
rGHmini M

/

TAA" AATAAA

Poly(A)

CAT ™ TATAA ATG

pLPGHL [5'LTR}—{

HPRT

pLPHGL [s'LTR—]

$ £
[P
3'€«——5'

Fig. 1 (left). Structure of the rat GH minigene and selectable retroviral
vectors. The rat GH minigene was constructed by fusing the GH
promoter region to a full-length cDNA clone as described below. The
filled box indicates 5’ flanking chromosomal region (237 nucleotides)
with putative transcriptional control signals at position —25 (TATAA)
and —86 (CAT) relative to the transcription start site (CAP) at position
1. The open:box indicates sequences present in GH mRNA with the
stipled area representing protein-coding sequences bounded by trans-
lation start (ATG) and stop (TAA) sequences. The polyadenylation
signal (AATAAA) and 40-nucleotide polyadenylated tail are also
shown. The position of restriction endonuclease Pvu II sites used for
S, nuclease mapping are shown. The 5" Pvu II site is 189 nucleotides
from the CAP. The structures of viral vectors containing the GH
minigene in the same (pLPGHL) or opposite (pLPHGL) orientation
relative to viral transcription are shown. A Bgl II-Pvu II fragment
from a GH genomic clone (2) containing 237 nucleotides of 5’ flanking
sequence and 820 nucleotides of the GH structural gene was sub-
cloned into the Bam HI-Pvu II site of pBR322. Pst I cleaves once in

concentrations of GH. Additionally,
these transfected cells synthesize higher
concentrations of GH after induction
with dexamethasone or with dexametha-
sone plus T; (Table 1). Thus the HPRT-
GH-virus constructs are capable of di-
recting the synthesis of GH after trans-
fection into cells, and GH production is
inducible.

The HPRT-GH-virus constructs are
incapable of synthesizing viral proteins,
so helper virus is required to recover
these replication-defective viruses. We
attempted to recover virus containing
the HPRT and GH genes by superinfect-
ing the transfected cells with Moloney
murine leukemia virus (MoMLYV). Both
the HPRT-GH-virus and the MoMLV
helper virus should be packaged into
virions by proteins synthesized by the
helper virus. Table 1 shows that infec-
tious virus transmitting the HPRT"
phenotype was indeed rescued from
the transfected, MoMLV-superinfected
cells. The ratio of HPRT-GH-virus to
helper virus was similar to that previous-
ly reported for the parent HPRT-virus
(5), indicating that the presence of the
GH minigene, in either orientation, did
not affect virus rescue.

HPRT™ cells
(rat 208F)
- pLPGHL
or Transfect
pLPHGL
Select and pool HATR
colonies (Table 1)
MoMLV
helper virus Infect

Supernatant

~8 x 104 MoMLV pfu/ml

(~3 x 102 HPRT* cfu/ml)

|

r Infect ‘
HPRT ™ cells HPRT ™ cells
(rat 208F) (BALB/3T3)

Isolate

HATR clones
(Table 2, exp. A)
F3.2

|

Supernatant

~108 HPRT?Y cfu/ml
~5x 104 MoMLV pfu/ml

Infect 1

HPRT™ cel
Isolate
HATR clones ’7‘\\\\
(Table 3, exp. A)

7

Isolate
HATR clones
(Table 2, exp. B)

TN
*,3,

Supernatant

~106 HPRTY cfu/ml
~107 MoMLV pfu/mi

l Infect

Is HPRT™ cells
Isolate
%\\‘\ HATR clones

(Table 3,
exp. B,C,D)

the amp gene and once in the first exon of the GH gene of this plasmid. This Pst I fragment was subcloned into a rat GH cDNA clone (pRGH-1)
(7) also digested with Pst I. The position of the fusion (the Pst I site) is indicated by a solid triangle. Plasmids carrying the fusion of the
chromosomal segment to the cDNA are designated pGHmini. Hind III digestion of pGHmini generates a 1436-nucleotide fragment carrying the
entire minigene (1020 nucleotides) and 346 nucleotides of pBR322 DNA. This fragment was blunt-ended with Klenow fragment of DNA

polymerase I and inserted into a unique Hpa I site in the retroviral plasmid pLPL (5). The site of insertion is indicated by vertical arrows.

2 (right). Flow diagram of experimental approach. HATR clones are HAT-resistant.
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To determine whether the GH mini-
gene was being cotransferred in the re-
covered virus along with HPRT, we used
virus recovered from cells transfected
with pLPGHL or pLPHGL to infect
208F rat cells and BALB/3T3 mouse
cells (see Fig. 2). Sixteen independent
HPRT" clones were isolated and charac-
terized for GH production. Table 2
shows that of the eight HPRT™' rat
clones and the eight HPRT* mouse
clones, at least half in each case synthe-
sized significant amounts of GH. In the
remaining infectants, either the minigene
was inactive or it failed to cotransfer
with the HPRT gene. Two of the rat
infectants (clones F0.2 and F3.2, Table
2) were clearly responsive to dexametha-
sone, and this response was potentiated
by T3. Thus GH expression and regula-
tion appeared to be independent of the
transcriptional orientation of the GH
minigene. In addition, two of the mouse
clones appeared to respond to dexameth-
asone and Tz (clones B1.2 and B1.4,
Table 2), although the concentrations of
GH production were low.

Analysis of viral DNA in infectants.
Since retroviruses integrate into cellular
DNA in a linear fashion and are flanked
by LTR’s, the GH minigene should be
flanked by viral LTR’s even though the
integration site in the cellular genome is
likely to be random (4). DNA extracted
from several viral infectants was cleaved
with the restriction enzyme Bam HI,
which cuts only once in the HPRT-GH-
provirus (between the HPRT and GH
DNA sequences), and the resulting frag-
ments were analyzed by the technique of
Southern (9). A GH probe hybridized to
a single band in uninfected mouse and rat
cells, presumably derived from the en-
dogenous GH gene (Fig. 3), while in
DNA prepared from five infected clones
an additional band was detected. The
new fragment had a different size in each
of the infectants, as expected, because of
the random occurrence of Bam HI sites
in the cellular DNA near the virus inte-
gration site. Each infectant contained a
single integrated provirus, since only one
new band was present in DNA from each
of the clones. Similar results were ob-
tained when HPRT sequences were used
as a probe (data not shown).

Finally, DNA from these clones was
digested with Sst I and subjected to the
same analysis. Sst I cuts once in each
LTR of the virus and should reveal the
size of the integrated HPRT-GH-provi-
rus. In DNA from each of the infectants,
there was a single new band in addition
to the endogenous band (Fig. 3). The
new bands were of the same size and
match the expected size (5.3 kilobases)
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of an integrated HPRT-GH-provirus.
Thus, no major rearrangement of the
viral genome had occurred during gener-
ation of virus or of infection of these
clones. We conclude that the simulta-
neous propagation of HPRT and the GH
minigene is independent of the transcrip-

tional orientation of the latter relative to
the viral LTR.

Viral RNA analysis. To examine tran-
scription from the HPRT-GH-provirus,
we analyzed the RNA by RNA blot and
S; nuclease techniques. Northern blot
analysis of growth hormone messenger

Table 1. Analysis of transfected cells for GH production and virus rescue. Viral DNA (10 pg per
S-em dish of cells) was introduced into 208F HPRT™ rat cells by calcium phosphate
precipitation (/4). One day after transfection, the cells were trypsinized and seeded into HAT
(30 wM hypoxanthine, 1 wM aminopterin, 20 pM thymidine) medium. HPRT* colonies were
visible in about 5 days and were pooled for analysis. For assay of GH production, the cells were
seeded at about 20 percent confluency in growth medium containing 10 percent fetal bovine
serum with no added inducers (control) or with 107°M dexamethasone or 107°M dexametha-
sone and 107’M T,;. After 3 days, GH in the medium was measured with an NIAMDD
radioimmunoassay kit and rat GH standard NIAMDD-rGH-I-4 (2). Results are expressed in
nanograms of GH per millilter of medium. Induction was calculated as the ratio of GH
production with dexamethasone (Dex) + T; compared to control (GH production from
uninduced cells). Fetal bovine serum contains low levels of inducers of GH production; thus the
induction may be underestimated. In a separate experiment, the transfected cells were infected
with MoMLYV helper virus [MLV-K (15)] and passaged twice, and then virus production was
measured in medium harvested after 16 hours from a confluent dish of cells. Colony-forming
units (cfu) per milliliter of medium were measured on 208F rat cells (5), and plaque-forming
units (pfu) on NIH/3T3 TK™ cells (15, 16).

Growth hormone

production (ng/ml) Virus recovery

Transfected dllr:(;_ -
DNA Con- b Dex tion HPIZQT Mol\:ILV
trol ex + T, (10% x (10* x
cfu/ml) pfu/ml)
pLPGHL
Experiment 1 11 23 24 2.2 6.5 8
Experiment 2 22 102 99 4.5 3.2 8
pLPHGL
Experiment 1 29 83 101 3.5 2.4 7
Experiment 2 35 70 75 2.1 2.3 8
No DNA <2 <2 <2

Table 2. Growth hormone production and induction in cells infected with virus recovered from
transfected cells. Hormone production from induced or uninduced cells was measured as
described in Table 1. HPRT™ colonies induced by virus recovered from transfected 208F cells
(Table 1) were isolated by using cloning cylinders. The first letter of the clone designation refers
to the cell type of the infectant, F for 208F rat cells or B for BALB/3T3 (/7) mouse cells.
Induction values that may not be meaningful because of limitations of the assay at low GH
levels are indicated in parentheses. Dex, dexamethasone.

Growth hormone

. .
Recovered I-Icll)(l}nl; production (ng/ml) Induc-
virus number Con- D Dex tion
trol X + Ts
Experiment A. 208F rat cell infectants .
LPGHL F0.2 6.0 22 30 5.0
Fo0.3 6.5 7.9 8.9 1.4
F1.2 13 20 20 1.5
F1.3 3.1 2.4 2.7 0.9)
LPHGL F2.1 3.3 3.6 2.9 0.9)
F2.4 4.0 3.7 2.4 (0.6)
F3.2 25 93 126 5.0
F3.3 4.5 4.4 4.0 0.9)
Uninfected cells <l1.5 <l1.5 <1.5
Experiment B. BALB/3T3 mouse cell infectants
LPGHL B0.2 12 10 12 1.0
B0.4 12 10 16 1.3
B1.2 3.5 7.6 8.6 2.5)
B1.4 2.7 5.9 6.8 2.5)
LPHGL B2.3 <1 <1 <1
B2.4 <1 <1 <1
B3.3 236 246 289 1.2
B3.4 <1 <1 <1
Uninfected cells <1 <1 <1

995



RNA (mRNA) synthesized by the inte-
grated virus in several infected cell lines
is shown in Fig. 4A. The major mRNA
species produced in all of the infectants
producing rat GH was the same size (1
kb) regardless of the transcriptional ori-
entation of the minigene. Furthermore,
this transcript was identical to the
mRNA product of the endogenous GH
gene in rat pituitary cells (Fig. 4A). S,
nuclease analysis was used to character-
ize the 5’ terminus to determine whether
the appropriate GH transcriptional sig-
nals were being utilized. The results in
Fig. 4B show that mRNA produced from
the endogenous GH gene protects a 189-
nucleotide fragment spanning the pro-
moter region and identifies a 5’ cap site
25 nucleotides from the sequence TA-
TAA. A fragment of identical size is
protected by mRNA obtained from
HPRT-GH-virus-infected mouse or rat
cells (Fig. 4B, lanes 3 and 4), thus con-
firming accurate initiation from the mini-
gene. Furthermore, S; nuclease and
mRNA size analysis imply that the GH
polyadenylation signals are being used.

The GH minigene is inducible. RNA
analysis confirmed that the GH mini-
gene, in addition to containing functional
initiation and polyadenylation sites, also
remained inducible with dexamethasone
and Ts. Induction of mRNA (Fig. 4A)
paralleled increases in GH production
(Table 2). For example, rat clone F3.2
showed a fivefold induction of both GH
mRNA and secreted protein after induc-
tion. Clone F0.2 showed similar changes
in both RNA and GH synthesis. In con-
trast, mouse clone B3.3 synthesized con-
stitutively and relatively high concentra-
tions of GH, which remained unaffected
by hormone administration. Correspond-
ingly high GH mRNA levels also re-
mained unaltered. Some clones, such as
B1.4 and F1.2, revealed low levels of
both GH RNA and secreted protein. In
addition to the GH message synthesized
from the minigene, the GH probe should
have hybridized to a message corre-
sponding to the viral genome. This tran-
script is not evident in Fig. 4A. Nonethe-
less, since these cell lines released infec-
tious HPRT-GH-virus after superinfec-

Bam HI

Sst |
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ntrol
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tion, full-length transcripts must have
been present.

Phenotypic variability in primary in-
Sfectants. We have shown by a variety of
criteria that an HPRT-GH-retrovirus can
be generated and directs the synthesis of
RNA'’s from two independent transcrip-
tional units. Regulation of GH gene
expression, in response to dexametha-
sone and T3, was maintained in several
of the rat cell infectants and possibly
some of the mouse infectants. However,
the inducibility and transcriptional activ-
ity of the GH minigene was highly vari-
able. To examine the nature of this vari-
ability, we further analyzed the virus
released from several of the primary
infectants to determine if the phenotype
was maintained in successive rounds of
infection.

Analysis of virus from an inducible
infectant. The primary infectant F3.2
synthesized GH at high levels, GH syn-
thesis was inducible, and this clonal cell
line contained a single HPRT-GH-provi-
rus of the correct size (Fig. 3). HPRT-
GH-virus was rescued from F3.2 cells by

F1.2
F3.2
GH4

+
|
+

®-GH
(189 nt)

- '—1.0kh

Fig. 3 (left). Analysis of DNA’s from uninfected and infected cells
with a GH probe. The infected cells are designated as in Table 2. Size
markers (Hind III fragments of phage A DNA) are indicated in
kilobases at the left. The DNA's (10 pg per lane) were digested
overnight with either Bam HI or Sst I, subjected to electrophoresis,
and transferred to nitrocellulose. After prehybridization had oc-
curred, the filter was incubated for 16 hours at 42°C with 3?P-labeled
GH cDNA (10° count/min per milliliter) in the presence of 10 percent
dextran sulfate. The filter was washed in 2x SSC (standard saline
citrate) and 0.1 percent SDS for 30 minutes at room temperature and
exposed to x-ray film. Fig. 4 (right). Analysis of GH RNA'’s from
infected cells. (A) RNA from uninfected control cells or infected cells
grown for 3 days in the absence (—) or presence (+) of 10~°M
dexamethasone and 107’M T; was subjected to electrophoresis,
transferred to nitrocellulose, and hybridized with a *?P-GH ¢cDNA
probe. Designations of infected cells are as in Table 2. All lanes have
10 pg of total cytoplasmic RNA except for GH,, which has 1 pg of
poly(A™*) cytoplasmic RNA. (B) S; nuclease analysis of RNA from

clones B3.3 and F3.2. Lanes 1, 2, and 5, 100 ng, 10 ng, and 100 ng of poly(A*) cytoplasmic RNA from GH, cells; lane 3, 10 pg of total cytoplasmic
RNA from clone F3.2; lane 4, 10 pg of cytoplasmic RNA from clone B3.3; lanes 1 and 5, overnight exposure; lane 4, exposure for 3 days; lane 3,
exposure for 6 days. F3.2 and B3.3 cells were grown for 3 days in the presence of dexamethasone and T; prior to RNA harvest. RNA samples
(made up to 10 g with yeast RNA) were hybridized overnight with 50,000 count/min of kinased 2.8-kb Pvu II fragment (see Fig. 1) of the GH
minigene containing 189 nucleotides of coding region, 237 nucleotides of 5’ flanking chromosomal DNA, and 2.4 kb of pBR322 DNA.
Hybridization was conducted at 56°C in a 30-p.l reaction mixture containing 40 mM Pipes (pH 6.4), 1 mM EDTA, 400 mM NaCl, and 80 percent
formamide. This was followed by digestion with 250 ug of S, nuclease in 280 mM NaCl, 50 mM sodium acetate (pH 4.6), and 4.5 mM ZnSO, at
37°C for 1 hour. The products were precipitated and analyzed by autoradiography after electrophoresis on 8 percent denaturing polyacrylamide
gels. The size of the protected fragment was measured at 189 bases (see Fig. 1) by comparison to *?P-labeled Hinf-digested pBR322.
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superinfection with helper virus and
used to infect 208F rat cells, as outlined
in Fig. 2. Virus released from F3.2 cells
‘had a titer of 10° HPRT™" colony-forming
units per milliliter, which is similar to
that obtained with HPRT-virus in 208F
rat cells (5). Analysis of six HPRT®
secondary infectants (Table 3, experi-
ment A) revealed that all HPRT™ clones
generated by the virus synthesized GH
and responded to both dexamethasone
and Ts;. These results demonstrate con-
comitant transfer of the HPRT and GH
genes by the virus, and show that virus
from this primary infectant is relatively
homogeneous.

Analysis of virus from a constitutive
high expression infectant. The primary
infectant B3.3 synthesized GH at consti-
tutively high levels and was unrespon-
sive to dexamethasone or T3 induction.
These cells also contained a single
HPRT-GH-provirus which, by Southern
blot analysis (Fig. 3), did not appear to
be rearranged. Both the viral and GH
transcription units were functional, since
the cells were HPRT-positive and pro-
duced high levels of GH mRNA. It was
therefore of interest to examine virus
rescued from this cell line to determine if
constitutive high GH expression was
transmissible, or alternatively, due to the
cellular or chromosomal environment of
the provirus. When HPRT-GH-virus
from MoMLV-superinfected B3.3 cells
was rescued and used to infect 208F rat
cells, all of the HPRT™" colonies exam-
ined synthesized GH, and, furthermore,
all were inducible by dexamethasone
(Table 3, experiment B). In fact, virus
from B3.3 cells generated approximately
the same phenotype in recipient cells as
virus from F3.2 cells (Table 3, experi-
ment A). This result suggests that the
virus in B3.3 cells is identical to that in
F3.2 rat cells, and that the difference in
expression and regulation is mediated by
cellular factors.

We also used the same virus rescued
from B3.3 cells to infect BALB/3T3
mouse cells. In contrast to the rat infect-
ants, HPRT" BALB/3T3 secondary in-
fectants had widely variable phenotypes
(Table 3, experiment C). Some displayed
constitutively low secretion of GH (for
example, B3.3B3), others exhibited con-
stitutively high secretion (for example,
B3.3B1 and B3.3B4), while others were
inducible (for example, B3.3B2). We
conclude that relative levels of expres-
sion and regulation of the HPRT-GH-
virus in BALB/3T3 cells can be strongly
influenced by cellular or chromosomal
environment.

Analysis of virus from a variant with
constitutively low expression. We exam-
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ined virus recovered from cells express-
ing low levels of GH to determine if this
property transferred to secondary infec-
tants. HPRT-GH-virus from MoMLV-
superinfected clone B3.3B3 cells (Table
3, experiment C) was used to infect 208F
rat cells, and HPRT™ colonies were se-
lected. The colonies were pooled to ob-
tain GH synthesis data averaged over
many clones. Two independent experi-
ments showed that the virus released
from B3.3B3 directed the synthesis of
significantly higher levels of GH and GH
expression and was now inducible (Table
3, experiment D). Thus, the provirus in
B3.3B3 cells was not genetically restrict-
ed to constitutively low levels of expres-
sion, and in the BALB/3T3 mouse cells
provirus expression and regulation were
highly variable. ‘

Generation of HPRT-GH-virus. The
results presented here demonstrate that
a GH minigene carrying its natural pro-
moter can be propagated in a murine
retrovirus containing a selectable gene.
Virus generated from cells transfected
with HPRT-GH-virus constructs was rel-
atively inhomogeneous, in that cells con-
verted to HPRT™ by such virus did not

always secrete GH (Table 2). However,
when virus rescued from either rat or
mouse primary infectants was used to
infect rat cells, all 12 of the resultant
HPRT" clones examined synthesized
GH at similar levels and responded to
induction (Table 3, experiments A and
B), showing that virus rescued from
primary infectants containing integrat-
ed HPRT-GH-proviruses was homoge-
neous. Transmissible HPRT-GH-virus
with a titer of 10° colony-forming units
per milliliter could be obtained (Fig. 2).
Thus high titer virus obtained from pri-
mary infectants retains both genes and
these genes do not segregate in subse-
quent infections. This finding is in con-
trast to data previously reported where
two genetic markers segregated upon
propagation of the virus (/0).
Expression and regulation of the GH
minigene. The utilization of the GH pro-
moter in the minigene is demonstrated
by its activity in both transcriptional
orientations relative to viral transcrip-
tion, and by S; nuclease analysis which
reveals that transcripts from either orien-
tation have the same cap site as the
endogenous GH gene product. No spe-

Table 3. Growth hormone production and induction in secondary infectants. Cellular clones
F3.2, B3.3, and B3.3B3 were superinfected with MoMLV and the resultant virus was used to
infect uninfected HPRT ™ cells. HPRT™* colonies were isolated by using cloning cylinders and
were assayed for GH production and induction as described in Table 1. The first part of the
designation for each clone indicates the clone from which virus was isolated (F3.2 or B3.3), the
next letter indicates the cell type of the recipient (208F or BALB/3T3), and the last number
indicates the serial clone number. In some experiments, HPRT™* colonies were pooled for
analysis (that is, without subcloning) to yield average values for growth hormone production.

Dex, dexamethasone.

Growth hormone

Clone number

production (ng/ml) In-

Control

duction

Dex Dex + T;

Experiment A. Virus from clone F3.2. 208F recipient cells
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F3.2F1 261 327 4.4
F3.2F2 46 216 258 5.6
F3.2F4 54 131 236 4.4
F3.2F5 58 188 190 3.3
F3.2F6 53 119 152 2.9
F3.2F7 30 47 53 1.8
Pooled infectants 55 143 172 3.1
Experiment B. Virus from clone B3.3. 208F recipient cells
B3.3F1 41 122 172 4.2
B3.3F2 85 216 191 2.2
B3.3F3 72 151 212 2.9
B3.3F4 39 99 120 3.1
B3.3F5 64 101 191 3.0
B3.3F6 58 113 152 2.6
Pooled infectants 35 79 93 2.7
Experiment C. Virus from clone B3.3. BALB/3T3 recipient cells
B3.3B1 310 158 230 0.7
B3.3B2 26 81 62 2.4
B3.3B3 12 28 13 1.1
B3.3B4 540 245 260 0.5
B3.3B5 32 41 61 1.9
B3.3B6 100 126 130 1.3
Experiment D. Virus from clone B3.3B3. 208F recipient cells
Pooled infectants 22 74 3.4
Pooled infectants 33 93 2.8
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cific measures were taken to create a
functional polyadenylation signal at the
3’ end of the GH minigene. The 3’ end of
the GH minigene contains a 40-nucleo-
tide polyadenylated stretch preceded by
19 nucleotides with the sequence AA-
TAAA. The results suggest that these
sequences present in cDNA are suffi-
cient to generate a stable polyadenylated
3’ terminus. However, they do not dem-
onstrate whether the 3’ end is generated
by a cleavage event followed by poly-
adenylation, or whether the polyadenyl-
ated tail itself is transcribed from the
insert.

We showed previously (2) that the
endogenous GH gene is transcriptionally
regulated by both glucocorticoids and
Ts. This regulatory capacity is retained
by the transduced GH minigene. Both of
these inducers act through receptors that
are DN A-binding proteins and thus pre-
sumably recognize specific DNA se-
quences. These results suggest that these
putative regulatory sequences are pres-
ent in the GH minigene. We have also
shown (2) that the entire rat GH gene can
be expressed and regulated in mouse
embryo fibroblasts when it is linked to
retroviral DN A. Although it has not been
formally shown, we believe that tran-
scriptional enhancer elements in the viral
LTR’s facilitate the expression of the
GH gene, since the rat GH gene by itself,
upon transfection, is not actively tran-
scribed (data not shown).

Modulation of expression. Serial
transduction and rescue of the GH gene
indicates that it can be stably propa-
gated but not always predictably ex-
pressed. When virus from either rat or
mouse primary infectants was used to
infect rat cells, all 12 of the HPRT"
examined synthesized similar levels of
GH and were inducible. In contrast,
when the same virus was used to infect
BALB/3T3 mouse cells, GH production
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and inducibility in the resultant HPRT*
clones were highly variable. This varia-
tion was not due to segregation of the
two genes because even cells that pro-
duced low levels of GH (for example,
B3.3B3) produced virus that directed
high GH synthesis in recipient rat cells
(Table 3, experiment D). Variation in the
expression of the GH gene could be
attributed to chromosome position ef-
fects, which have been reported to mod-
ulate the expression of various retroviral
genomes (/1). Alternatively, it could be
due to other trans-acting factors, such as
variations in the amount of glucocorti-
coid or T; receptors, that lead to vari-
ability in both basal and induced levels of
transcription. The availability of cloned
cell lines containing single copies of
HPRT-GH-provirus should be useful for
studying factors influencing the expres-
sion of GH and HPRT genes.

We conclude that functional and regu-
lated eukaryotic genes can be efficiently
and stably propagated in selectable ret-
roviral vectors. While the selectable
marker contained in the retrovirus is
necessary for the generation of virus-
producing cell lines, the amount of virus
obtained from these lines is sufficiently
high to permit infection of all cells in a
culture dish and eliminate the need for
biochemical selection. Retroviruses can
also be used as efficient means to trans-
duce DNA into somatic tissue or into the
germ line of animals (/7). Germ line
transmission should be particularly valu-
able for studying tissue-specific gene
expression and investigating the tempo-
ral regulation of gene activity during
development (/1). To date, gene function
following germ line transformation has
been studied extensively only in Dro-
sophila and mice (/12). We have been
able to produce high titer HPRT-GH-
virus in the absence of helper virus using
a broad host range amphotropic packag-

ing system (/3). By means of such a
system it should be possible to introduce
retroviruses into embryonic and somatic
tissue of a wide variety of animal spe-
cies.
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