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A retrovirus vector has been developed that selects for instances in which the provirus integrates in close
proximity to cellular promoters. Coding sequences for a selectable marker (histidinol dehydrogenase) were

inserted into the 3' long terminal repeat (LTR) of an enhancerless Moloney murine leukemia virus. Although
1.8 kilobase pairs in size, the elongated LTR did not appear to interfere with virus replication or integration.
Thus, when the virus was passaged, the elongated LTRs efficiently duplicated, placing histidinol dehydroge-
nase-coding sequences in the 5' LTR just 30 nucleotides from the flanking cellular DNA. Selection for histidinol
expression generated cell clones in which histidinol gene sequences in the 5' LTR were invariably expressed on

transcripts initiating in nearby cellular sequences. The efficiency of transducing histidinol resistance was

2,500-fold lower than the efficiency of transducing neomycin resistance when the neomycin phosphotransferase
gene was located within the retrovirus and expressed from an independent promoter. By tagging transcrip-
tionally active sites, the vector provides a means to identify and isolate promoters active in different cell types.
Furthermore, the virus may be useful as an insertional mutagen, since selection for cell populations containing
proviruses only in expressed sites is expected to reduce the number of integrants needed to screen for loss of
gene function.

Retroviruses replicate by a complex life cycle involving (i)
conversion of the viral RNA genome into double-stranded
DNA by reverse transcriptase, (ii) integration of the viral
DNA (or provirus) into the genome of the infected cell, (iii)
transcription of the provirus as a cellular gene, and (iv)
packaging of provirus transcripts into virions. Before inte-
gration, sequences near the 5' (U5) and 3' (U3) ends of the
viral RNA duplicate such that the integrated provirus is
flanked by long terminal repeats (LTRs), each containing the
U3 and U5 regions (42, 44).

This life cycle enables retroviruses to move genes into the
genomes of mammalian cells. Like other movable elements,
retroviruses have been used both as probes for transcription-
ally active chromosomal regions and as insertional mutagens
(1, 4, 23, 24, 39, 41, 43, 44). However, several factors have
undermined the practical use of retroviruses as genetic tools
to study mammalian organisms. First, large genomes (3 x
109 nucleotides [nt]) necessitate screening large numbers of
integrants in order to detect mutations in any specific gene.
Second, mutations resulting from provirus integration are
generally recessive, since most mammalian genomes are
diploid. Third, enhancers in the LTRs may influence the
expression of adjacent genes and thus interfere with detect-
ing cellular sequences that regulate transcription in a tissue-
specific manner. Finally, 3' RNA processing signals and
AUG codons within the lefthand LTR interfere with activa-
tion of provirus genes by nearby cellular promoters (9, 15,
16, 21, 41).
To address these problems, we have developed a retrovi-

rus vector that selects for instances in which the provirus
integrates in close proximity to a cellular promoter. By
tagging transcriptionally active genes, the virus provides a
mean to identify and isolate promoters active in different cell
types. In this manner, the virus functions as a promoter trap.
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In addition, the vector may be an effective mutagen, since
selection for cell populations containing proviruses inte-
grated only in expressed sites is expected to reduce, by
several orders of magnitude, the number of integrants
needed to screen for the loss of gene function.
The strategy involved inserting a selectable marker (histi-

dinol dehydrogenase [hisD]) into the 3' LTR of an enhancer-
less Moloney murine leukemia virus (MoMuLV). The elon-
gated LTR efficiently duplicated when the virus was
passaged, placing hisD coding sequences in the 5' LTR just
30 nt from the flanking cellular DNA. In this manner,
integration removes intervening viral sequences that nor-
mally interfere with transcriptional activation of provirus
genes by cellular promoters; since it lacks an enhancer, the
provirus is not expected to affect expression of adjacent
cellular sequences. The virus also contained a second select-
able marker, neomycin phosphotransferase (neo), expressed
from an internal promoter, to provide an independent mea-
sure of virus infectivity. The vector transduced histidinol
resistance 2,500-fold less efficiently than neomycin resis-
tance. Moreover, in each histidinol-resistant (Hisr) line ex-
amined, his sequences in the 5' LTR were expressed by
transcripts initiating at a nearby cellular promoter.

MATERIALS AND METHODS

Plasmids. GgU3Hisen(-) and GgTKNeoU3Hisen(-) vi-
ruses were constructed from GgTKNeoen(-), a recombi-
nant MoMuLV (P. Robbins and R. Mulligan, unpublished
data). GgTKNeoen(-) was derived from pHSG-neo (18); it
contains sequences extending from the 5' LTR to the XhoI
site at nt 1558, a bacterial neo gene expressed from the
herpes simplex virus thymidine kinase (tk) promoter (32),
and provirus sequences extending from the ClaI site (nt
7672) through the 3' LTR and lacks sequences between the
PwlII and XbaI sites (nt 7933 to 8111) that contain the viral
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transcriptional enhancer. Coding sequences for the Salhno-
ne/lla tYphimurimon hi.sD gene, isolated from pSP1 (28) as a

1,350-nt BasmHI fragment, were ligated to the NlieI site
(nt 7846) in U3 of GgTKNeoen(-) to obtain GgTKNeo
U3Hisen(-). GgU3Hisen(-) was derived from GgTKNeo
U3Hisen(-) by deleting the Ba,niiHI fragment containing the
tk promoter and the neo gene.

Cells and viruses. Cells were grown in Dulbecco modified
Eagle medium supplemented with 10% calf serum (NIH 3T3
and T2 [31]) or 10% fetal calf serum (PA317 [33]). Cell lines
producing recombinant retroviruses were derived after
transfecting (29) T2 or PA317 cells with plasmid DNAs and
selecting in medium containing G418 (1 mg/ml; GIBCO
Laboratories). After 10 days, G418-resistant (Neo') colonies
were isolated and expanded in mass culture. To prepare

virus stocks, 2 x 106 cells from each clone were seeded into
100-mm-diameter dishes. The next day, 2 ml of fresh me-

dium was added, and after 2 h the medium was filtered
through a 0.22-jim-pore-size membrane (Millipore Corp.)
and stored at -70°C until use. Samples (1 ml) of different
dilutions of virus stocks were added to 10' NIH 3T3 cells
plated 1 day before infection. After incubation for 1 h at 37'C
in the presence of Polybrene (8 pg/ml; Aldrich Chemical
Co.), 9 ml of fresh medium was added. After incubating
overnight, cells were grown for 10 days in selective medium
containing 1 mg of G418 per ml or 4 mM L-histidinol (Sigma
Chemical Co.). Colonies were fixed (10% [vol/voll formal-
dehyde in phosphate-buffered saline) and stained with crys-

tal violet before counting.
Southern hybridization analysis. Genomic DNA, extracted

from Hisr or Neor NIH 3T3 lines, was digested to comple-
tion with restriction endonucleases Clal, C/al and SailI
HindIll and NdeI, fractionated in 1% (wt/vol) agarose gels,
and transferred to nylon membranes (Zetabind; Cuno) as

described previously (30). Blots were hybridized to 32P-

labeled probes prepared from the 1.35-kilobase-pair (kbp) hlis
coding sequence by the random priming method (12).
Northern (RNA) hybridization analysis. Total cellular RNA

was extracted from Hisr or Neo' NIH 3T3 cell lines by the
guanidinium thiocyanate procedure. RNA was fractionated
on formaldehyde-agarose gels and transferred to nylon mem-
branes (GeneScreen Plus; Dupont, NEN Research Products)
by electroblotting in 25 mM phosphate buffer. DNA-RNA
hybridizations were carried out as previously described
(45), using 32P-labeled restriction fragments corresponding
to his [1.35-kbp NheI; GgU3Hisen(-)], flea [1.2-kbp BgllI-
BarnHI; GgTKneoen(-)], and gag [1.1-kbp PvaI-XhlI;
GgU3Hisen(-)] sequences.

RNase protection assays. Cellular RNA (20 p.g) was hybrid-
ized at 55'C for 10 h to 32P-labeled RNA probes (4 x 105
cpm) in 30 IlI of 80% (vol/vol) formamide, 0.4 M NaCl, 0.04
M piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6;
Sigma), and 0.001 M EDTA. Probes complementary to the
provirus coding strand were prepared by using T3 RNA
polymerase (Promega Biotec) to transcribe an 860-nt
BarnHI-ClaI fragment of GgTKNeoU3Hisen(-) cloned into
Bluescript KS(+) (Stratagene). After hybridization, samples
were digested with RNases A (Boehringer Mannheim Bio-
chemicals) and Ti (Bethesda Research Laboratories, Inc.)
and processed for gel electrophoresis according to the in-

structions supplied by Promega Biotec. Protected fragments
were separated on denaturing 6% polyacrylamide-8.3 M
urea gels and visualized by autoradiography.
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FIG. 1. Structures of recombinant retrovirus vectors. Gene se-
quences present in each virus are labeled as follows: HIS-D, S.
tvphimuriain histidinol dehydrogenase; NEO, neomycin phospho-
transferase: gag, truncated gag region of MoMuLV; TK, herpes
simplex virus tk promoter. en- designates a 178-nt deletion in the 3'
LTR encompassing the viral enhancer.

RESULTS

LTR-mediated gene duplication. The retroviruses used in
this study are shown in Fig. 1. GgU3Hisen(-) and GgTK
NeoU3Hisen(-) were constructed from a Moloney murine
leukemia provirus (18) by inserting the hisD coding sequence
from S. typhinitriamn (hisD; 20) into the U3 region of the
righthand LTR and by deleting enhancer sequences of the
LTR (18). GgTKNeoU3Hisen(-) also contains a neomycin
resistance gene under the transcriptional control of the
herpes simplex virus tk promoter to provide an independent
measure of virus titers.

Virus-producing cell lines were generated by transfecting
GgTKNeoU3Hisen(-) into NIH 3T3 cells expressing pack-
aging-defective ecotropic (P2) and amphotropic (PA3 17)
helper viruses. Viruses recovered from cloned producer
lines were titered on NIH 3T3 cells, selecting in either G418
or L-histidinol (Table 1). Titers of the GgTKNeoU3Hisen(-)
virus were high and similar to what we and others have
obtained with other MoMuLV vectors (2, 5, 6, 18, 31, 33;
data not shown), suggesting that the insertion of hiis se-
quences into the LTR did not markedly interfere with virus
replication or integration. As is generally observed, ecotro-
pic P2 cells produced higher yields of virus than did ampho-
tropic PA317 cells (5, 31, 33); however, the ratio of his to neo
colony-forming units was similar for each virus stock, about
3.8 x 10-4.

Structures of the integrated GgTKNeoU3Hisen(-) provi-
ruses in six independent Neor and His' clones were analyzed

TABLE 1. Titers of GgTKNeoU3Hisen(-) viruses produced
by cloned PA317 and 42 cell lines"

Titer (CFU/ml per 107 producer cells) Raitio
Clone

Histidinol Neomycin (1()4) (l() 4)

PAC3 40 13 3.0
PAC7 50 18 2.9
PAC9 125 50 2.5
sI'C7 625 140 4.5
'1C9 1,030 190 5.4
'VC10 750 160 4.7

" PA317 and T2 cells were transfected with pGgTKNeoU3Hisen(-), and
Neo' clones were selected in G418. Virus stocks were prepared by incuibating
2 ml ot medium with 2 x 10" cells of each Neo' clone. NIH 3T3 cells (105) were
exposed to various diluItions of vir-us and subsequently placed into G418 or
L-histidinol selective medium. After 10 days. resistant colonies were stained
and counted.
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FIG. 2. Structure of integrated proviruses. (A) Restriction map of GgTKNeoU3Hisen(-) proviruses. (B to D) Southern blot analysis of
GgTKNeoU3Hisen(-) proviruses in NIH 3T3 cell lines. Cell DNAs (approximately 10 p.g per lane) digested with Clal (B), ClaI and Sall (C),
and HindIl (D) were fractionated on agarose gels, blotted to nylon filters, and hybridized to I1is probes in lanes as follows: 1, PAC3(NEO);
2, PAC3(HIS); 3, PAC7(NEO); 4, PAC7(HIS); 5, PAC9(NEO); 6, PAC9(HIS); 7, TC7(NEO); 8,TC7(HIS); 9, TC9(NEO); 10, PC9(HIS); 11,
TC10(NEO); 12, TC1O(HIS). Clones selected in G418 (NEO) and L-histidinol (HIS) are indicated by parentheses.

by Southern blot hybridization (Fig. 2). Regardless of the
initial selection, all but one clone contained proviruses in
which his sequences had duplicated as part of the LTR (Fig.
2A to C). Thus, Clal and Sall endonucleases generated
fragments expected from proviruses flanked by LTRs con-

taining his. Cleavage fragments of 4.9 or 4 kbp and 0.9 kbp
were generated after digestion with Clal alone and together
with Sall, respectively. Only the neomycin-selected TC7
line lacked the expected provirus fragments; however, this
line lacked most if not all his sequences and expressed
aberrant neo transcripts, suggesting that the provirus DNA
had rearranged. Additional bands of varying sizes represent
fragments that extend from Clal sites in the provirus to sites
into the flanking cellular DNA.
To estimate the number of proviruses per cell, cellular

DNAs were digested with HindIII (Fig. 2D) or NdeI (data
not shown), enzymes that do not cut within the provirus. All
clones contained one to three proviruses, and in all cases
hybridization patterns were unique, confirming that each line
was an independent clone.

Relatively few proviruses acquire the ability to express his.
The ratio of neomycin and histidinol titers indicated that
provirus integration was 2,500-fold less likely to convert
cells to a Hisr phenotype than to a Neor phenotype. In
principle, the potential to express histidinol resistance could
be an intrinsic but inefficient property of each provirus. For
example, translation of 3' his sequences in transcripts initi-
ated at the tk promoter (Fig. 3A) could allow some his
expression. Alternatively, his expression may require sec-

ondary events, such as mutations or transcriptional activa-
tion by adjacent cellular sequences.

The results of several experiments suggested that the
capacity to transduce histidinol resistance is not an intrinsic
property of the infecting virus. Cells initially selected in
G418 did not survive when transferred to medium containing
L-histidinol (Table 2), indicating that most proviruses did not
confer histidinol resistance. In addition, the number of
doubly resistant colonies produced after plating
GgTKNeoU3Hisen(-)-infected cells in medium containing
both G418 and L-histidinol was similar (within a factor of 2)
to the number of colonies obtained after selection in L-

histidinol alone (data not shown). This result implies that
only a subset of the proviruses conferring neomycin resis-
tance was capable of expressing histidinol resistance. Fi-
nally, the ability to passage histidinol resistance did not
require the tk promoter, since histidinol titers for the
GgTKNeoU3Hisen( -) and GgU3Hisen( -) viruses were

nearly identical (Table 3).
Although secondary events apparently influence the abil-

ity of U3His vectors to transduce his, results of several
experiments suggested that his expression was not activated
by mutations within the provirus. First, the proviruses in
Hisr clones lacked gross sequence rearrangements, as

judged by Southern blot analysis (Fig. 2). Second, provi-
ruses rescued from Hisr clones after superinfection with
wild-type MoMuLV did not transduce his any more effi-
ciently (as compared with neo) than did the original U3His
vector (Table 4).

his transcripts initiate in the flanking cellular DNA. To
further examine why only certain proviruses expressed his,
transcription of provirus sequences in Hisr and Neor clones
was analyzed by Northern blot hybridization (Fig. 3B and
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FIG. 3. Analysis of provirus transcripts. (A) GgTKNeoU3Hisen(-) provirus structure, predicted transcripts, and sites of transcription
initiation in Neor and Hisr clones. Total cellular RNA (10 ,ug per lane) was extracted from Neor and Hisr clones, fractionated on
formaldehyde-agarose gels, transferred to nylon membranes, and hybridized to his (B)- or neo (C)-specific probes in lanes as follows: 1,
PAC3(NEO); 2, PAC3(HIS); 3, PAC7(NEO); 4, PAC7(HIS); 5, PAC9(NEO); 6, PAC9(HIS); 7, 'PC7(NEO); 8, TC7(HIS); 9, TC10(NEO);
10, TC10(HIS). (Clone designations are as for Fig. 2.) The sizes of major RNA species as indicated were estimated from RNA standards
(Bethesda Research Laboratories).

C). All lines, whether selected in G418 or in L-histidinol,
expressed 4.9- and 3.3-kbp provirus transcripts, whereas
lines selected in L-histidinol expressed two additional tran-
scripts of 6.5 and 1.7 kbp. These RNAs were mapped
according to their ability to hybridize to his-, neo-, and

TABLE 2. Cross-resistance of 3T3 cells expressing
GgTKNeoU3Hisen(-) proviruses"

Colonies/105 cells
Clone

Neor HiSr

Hisr
PAC3 2
PAC7 0
PAC9 6.0 x 102
PC7 1.2 x 102
PC9 1.0 x lo-
PC1O 2.0 x 103

Neor
PAC3 0
PAC7 0
PAC9 0
PC7 0
WC9 0
TC10 0

a Cells from Neor and Hisr clones induced by GgTKNeoU3Hisen(-) were
plated in selective media containing L-histidinol and G418, respectively. Hisr
and Neor colonies were counted after 10 days.

gag-specific probes. Briefly, all four transcripts hybridized
to his (Fig. 3B); the 6.5-, 4.9-, and 3.3-kbp RNAs hybridized
to neo (Fig. 3C), and only the 6.5- and 4.9-kbp species
hybridized to gag (data not shown). These data suggested
that the 4.9- and 3.3-kbp RNAs started at the 5' LTR and at
the tk promoter, respectively, and terminated in the 3' LTR,
whereas, the 6.5- and 1.7-kbp RNAs in Hisr clones appeared
to initiate outside the provirus and terminate at polyadeny-
lation sites in the 3' and 5' LTRs, respectively (Fig. 3A).
The sizes of the smaller (1.7 kbp) transcripts in Hisr clones

were never quite the same but varied by as much as 100 bp
(Fig. 3B). This is the result one might expect if the provi-

TABLE 3. Transduction of histidinol resistance by
GgTKNeoU3Hisen(-) and GgU3Hisen(-) viruses'

Hisr (CFU/ml per 10' cells)'
Line

GgTKNeoU3Hisen(-) GgU3Hisen(-)

PA317 65 ± 71(8) 40 ± 27 (4)
P2 82 ± 122 (8) 185 ± 172 (7)

" PA317 and T2 cells were transfected with GgTKNeoU3Hisen(-) or
GgU3Hisen(-) DNA, and virus-producing lines were isolated in histidinol
and G418 selective media. Supernatants from individual Neor
[GgTKNeoU3Hisen(-)] or Hisr [GgU3Hisen(-)] producers were titered on
NIH 3T3 cells. Colonies were counted after 10 days in medium containing
L-histidinol.

b Averages and standard deviations were obtained from several producer
lines (numbers in parentheses).
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TABLE 4. Transduction of histidinol and neomycin resistance by
viruses rescued from Hisr 3T3 cells expressing

GgTKNeoU3Hisen(-) proviruses'

Titer (CFU/ml per 107 cells)
Line

Neor colonies Hisr colonies

NIH 3T3 0 0
WC7 3,500 0
PC9 1,660 0
'IC1O 2,500 0

a Hisr clones and NIH 3T3 cells (105 cells) were infected with MoMuLV
(106 PFU) and grown to confluence. Stocks of rescued virus were prepared by
incubating 2 ml of medium with 107 infected cells for 2 h. NIH 3T3 cells (105)
were exposed to various dilutions of virus and subsequently placed into
selective medium containing G418 or L-histidinol. Resistant colonies were
stained and counted after 10 days.

ruses were located at different distances from cellular pro-
moters, and the size of each transcript depended on the
amount of appended cellular RNA. In most cases, cell-
derived sequences are expected to be short, since efficient
translation of native histidinol dehydrogenase requires that
the first AUG in the hybrid transcript be the initiating codon
for histidinol dehydrogenase (7, 17, 25, 27). For the average
mammalian gene, these sequences would average 50 to 100
nt (26). While transcription probably starts in sequences
immediately adjacent to the provirus, these results do not
exclude the possibility that integration has occurred 3' to a
splice acceptor site.
To confirm that transcripts in histidinol-selected clones

initiated within the flanking cellular DNA, total RNA was
extracted and analyzed by an RNase protection assay (Fig.

A

B

4A). 32P-labeled RNA probes complementary to the provirus
coding strand, extending from the ClaI and BamHI sites in
GgTKNeoU3Hisen(-), were prepared by using T3 RNA
polymerase. RNA extracted from virus-producing lines or
from histidinol- and neomycin-selected lines protected an
860-bp fragment. This corresponds to transcripts colinear
with the provirus template, including both MoMuLV and his
sequences. However, RNA from Hisr lines generated an
additional fragment of 720 bp, exactly the size expected for
transcripts colinear with provirus sequences extending from
the ClaI site to the 5' end of the LTR.

Steady-state levels of the 3.3-kbp tk neo his mRNA were
either undetectable or significantly lower in Hisr clones than
in Neor lines (Fig. 3B and C). Accordingly, Hisr clones
exhibited variable resistance to G418 (Table 2). Although the
mechanisms are unknown, the phenomenon may reflect
suppression of the tk promoters by an upstream cellular
promoter not unlike promoter interference described else-
where (10, 11).

DISCUSSION

This study exploited features of the retrovirus life cycle to
construct MoMuLV vectors that identify cellular promoters.
Retrovirus vectors containing hisD coding sequences in-
serted into the U3 region exhibited a normal ability to be
passaged to recipient cells, generating proviruses flanked by
his. Selection for his expression produced cell clones in
which his sequences in the 5' LTR were expressed on
transcripts initiating in flanking cellular sequences. By clon-
ing sequences linked to the proviruses in Hisr cells, the
vectors can be used to isolate cellular promoters.
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FIG. 4. RNase protection analysis of provirus transcripts. A 910-nt 32P-labeled RNA probe, complementary to provirus sequences
extending from the Clal site in the 3' LTR to the BamHI site at the 3' end of neo, was prepared and used in RNase protection assays as
described in Materials and Methods. Transcripts extending through his sequences located in 3' and 5' LTRs should protect fragments of 860
and 720 nt, respectively (solid bars in panel A). (B) RNA samples from PAC, an amphotropic producer line, and qPC, an ecotropic producer
line, were analyzed. Lanes: 1, PAC3(NEO); 2, PAC3(HIS); 3, PAC7(NEO); 4, PAC7(HIS); 5, PAC9(NEO); 6, PAC9(HIS); 7, PC7(NEO);
8, WC7(HIS); 9, IC1O(NEO); 10, WC1O(HIS); probe, native probe; tRNA, control protection analysis using tRNA. (Clone designations are
as for Fig. 2.) Sizes of end-labeled DNA fragments are indicated at the left; mobilities of predicted RNA fragments are indicated at the right.
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It is interesting that the MoMuLV LTR can accommodate
sequences as long as 1.3 kbp without seriously affecting the
ability of the virus to be passaged. his sequences were

placed 30 nt 3' from the end of U3, downstream of sequences
required for replication and integration into cellular DNA
(14, 34, 35, 44). At 1.7-kbp, the elongated LTR is signifi-
cantly longer than either the normal MoMuLV LTR (0.59
kbp), the 1.1-kbp LTR of mouse mammary tumor virus (8),
or the 1.3-kbp LTR of a nondefective MoMuLV containing
dhfr cDNA sequences (40). Whether retroviruses can toler-
ate longer LTR sequences remains to be determined.

Several investigators have isolated cellular promoters or
enhancers by linking random DNA fragments to the coding
sequence of a selectable marker (e.g., transforming or anti-
biotic resistance genes), introducing the DNA into recipient
cells and selecting for cell clones that result if the gene is
expressed (13, 22, 36, 37, 46). However, this approach
suffers from several limitations that the strategy described
here avoids. First, DNA-mediated gene transfer is less
efficient than retrovirus transduction, particularly in certain
cell types. Second, introduced genes are frequently ampli-
fied in cells surviving selection. This increases background
and necessitates screening multiple clones or performing
secondary transfections in order to identify clones contain-
ing only one gene copy. Third, potential promoter-enhancer
elements identified after DNA transfer are not expressed in
their normal chromosomal locations.

Transfected enhancerless genes have been used to identify
transcriptionally active chromosome regions (3, 19, 22). In
some cases, expression appeared to be regulated in a tissue-
specific manner (3). Similarly, integration-specific activation
of provirus genes has been observed in cells in which the
LTR is transcriptionally inactive (1). However, cloning
transcriptional activators by this approach is difficult be-
cause elements such as enhancers may be located at consid-
erable distance and on either side of the integrants (44). In
contrast, the U3His vectors described in this study should
simplify the cloning of transcriptional control elements,
since at least some will be closely linked to the provirus.

Retroviruses appear to integrate randomly throughout the
genome, although about one-fifth of all integrations involve
highly preferred sites (38). Selecting for provirus gene
expression reduces the size of the integration target to
genomic sequences compatible with expression. TKNeo
U3His viruses were 2,500-fold more likely to convert cells to
a Neor phenotype than to a Hisr phenotype. This difference
reflects the fact that proviruses express neo from an internal
(tk) promoter, whereas his expression requires that the
provirus acquire a promoter from the flanking cellular DNA.
The extent to which cellular sequences influence neo expres-
sion is unknown; however, the efficiency with which
TKNeoU3His viruses transduce neomycin resistance sug-
gests that the tk promoter functions relatively autono-
mously.

It is possible to estimate the maximum number of integra-
tion sites that enable NIH 3T3 cells to express histidinol
resistance. The total integration target for neo transduction
cannot exceed the size of the genome (3 x 109 bp), implying
that the integration target for his is less than 106 nt. Integra-
tions that activate his are also likely to occur near transcrip-
tional start sites to avoid appending AUG codons upstream
of his coding sequences. In genes, the distance from the
transcriptional start site to the first AUG averages 50 to 100
nt (26), while in random sequences, AUG triplets are dis-
tributed every 64 nt. Dividing the maximum integration
target by the size of the average integration site yields a

maximum of 1 x 104 to 2 x 104 integration sites capable of
expressing his at levels sufficient to confer resistance.
Although this calculation probably overestimates the num-

ber of integration sites, the value is still small enough to
suggest that U3His vectors may be used as insertional
mutagens. In principle, the provirus would serve as a mo-
lecular tag to clone any gene whose function is linked to an
observable phenotype, assuming that the gene is expressed
at levels sufficient to promote histidinol resistance. Cells
derived from a collection of 104 to 10' independent Hisr
clones should contain proviruses in all expressed sites,
including transcriptionally active genes. Consequently, se-
lection for His' cell populations should reduce the number of
integrants needed to screen for the loss of gene function.
Recovery of clones expressing null phenotypes may be
enhanced by the use of hypodiploid cells (e.g., CHO) and in
cases in which gene inactivation leads to a selectable phe-
notype (e.g., tumor-suppressing genes or antioncogenes).
Alternatively, homozygous loss of gene function may be
accomplished by breeding mice derived from embryonal
stem cells infected with U3His vectors and that contain germ
line integrations of the provirus.
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