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A retrovirus promoter-trap vector (U3LacZ) has been developed in which Eschenichia coli lacZ coding
sequences were inserted into the 3' long terminal repeat (LTR) of an enhancerless Moloney murine leukemia
virus. The U3LacZ virus contains the longest reported LTR (3.4 kbp); nevertheless, lacZ sequences did not
interfere with the ability of the virus to transduce a neomycin resistance gene expressed from an internal
promoter. Duplication of the LTR placed lacZ sequences in the 5' LTR just 30 nucleotides from the flanking
cellular DNA. Approximately 0.4% of integrated proviruses expressed 0-galactosidase as judged by 5-bromo-
4-chloro-3-indolyl-j-D-galactopyranoside (X-Gal) staining, and individual clones expressing lacZ were isolated
by fluorescence-activated cell sorting. In all clones examined, ,-galactosidase expression resulted from the
fusion of lacZ sequences to transcriptional promoters located in the flanking cellular DNA. Furthermore, by
differential sorting of neomycin-resistant cell populations, clones were isolated in which lacZ expression was

induced and repressed in growth-arrested and log phase cells, respectively.

Movable elements have been used to analyze transcrip-
tionally active chromosomal regions in both prokaryotes (4)
and eukaryotes (2, 3, 5, 6, 17, 29). These strategies involve
(i) integration of a reporter gene or selectable marker into a
large collection of chromosomal sites, (ii) selection of cell
clones in which the transduced marker gene is constitutively
or conditionally expressed, and (iii) characterization of
nearby cellular sequences for the appropriate transcription-
promoting activity. The process enables transcriptional pro-
moters and displaced cellular genes to be isolated by first
monitoring for patterns of marker gene expression.

Like other movable elements, retroviruses integrate at
nearly random sites in the mammalian genome (8, 30, 35),
and recombination involves the precise recognition and
conservation of specific viral sequences (8, 35). Unfortu-
nately, sequences within the long terminal repeats (LTRs),
in particular, the viral enhancer, polyadenylation signal, and
multiple initiation and termination codons, limit the ability of
retroviruses to induce functional gene fusions. As a conse-
quence, retroviruses have been used only to a limited extent,
for example (i) as enhancer traps (2, 15) or (ii) as gene traps
which rely on RNA splicing to remove intervening viral
sequences (6, 15).

In view of these issues, we previously developed a new
type of retrovirus vector (U3His) to induce functional gene
fusions in mammalian cells. Coding sequences for a select-
able marker (histidinol dehydrogenase, hisD) were inserted
into the U3 region of an enhancerless Moloney murine
leukemia virus. The elongated U3 region participated in the
formation of LTRs such that virus integration placed hisD
sequences in the 5' LTR just 30 nucleotides (nt) from the
flanking cellular DNA. Selection for histidinol resistance
generated cell clones in which the hisD gene in the 5' LTR
was expressed on transcripts initiating nearby in the flanking
cellular DNA (39). Analysis of upstream sequences, cloned
after amplification by inverse polymerase chain reaction,
revealed that the U3His vector usurps promoters that were
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active prior to integration and thus functions as a promoter
trap (38).

Since the U3His virus can identify only those promoters
that are active at the time of selection, the vector is not well
suited for isolating regulated promoters. For this reason, we
have investigated the properties of a promoter-trap vector
(U3LacZ) containing the Escherichia coli lacZ gene inserted
in U3. lacZ offers several advantages as a reporter of gene
fusions. First, 3-galactosidase expression is readily moni-
tored by enzymatic assays and by histochemical staining.
Second, viable cells expressing 3-galactosidase can be iso-
lated by flow cytometry (25). The U3LacZ virus also con-
tains a neomycin resistance gene expressed from an internal
promoter. Selection for neomycin resistance provides a
measure of virus titers and allows provirus containing clones
to be isolated regardless of ,B-galactosidase expression.
The present study shows that the U3LacZ virus functions

as a promoter trap in a manner similar to U3His. Although
the U3LacZ vector contains the longest reported LTR (3.4
kbp), lacZ sequences did not interfere with the ability of the
virus to be passaged into recipient cells. Moreover, cell
clones expressing P-galactosidase invariably contained pro-
viruses in which the 5' copy of lacZ was transcribed from
upstream cellular promoters. In principle, the U3LacZ vec-
tor can be used to isolate regulated promoters and to study
temporal and spatial patterns of gene expression in vivo (1,
13, 15, 21, 29). For example, in the present study, the
U3LacZ vector was used to isolate cell lines in which lacZ
expression was induced and repressed in growth-arrested
and log-phase cells, respectively.

MATERIALS AND METHODS

Plasmids. pGgTKNeoU3LacZen(-) was derived from
pGgTKneoU3His (39) by replacing the hisD gene with E.
coli lacZ coding sequences obtained as a 3.1-kbp HindIII-
XbaI fragment from pSDKLacZ (8a). pSDKLacZ contains a
promoterless lacZ gene in which sequences encoding the
first eight N-terminal amino acids have been replaced by a
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22-nt segment containing the Shine-Dalgarno (31, 33) and
Kozak (19) consensus sequences.

Cells and viruses. Cell lines expressing packaging-defec-
tive ecotropic (*2) (23) and amphotropic (PAC317) (24)
helper viruses were transfected with 10 p.g of pGgTKNeoU3
LacZen(-) and selected in G418. Production of virus stocks
and infection of NIH 3T3 cells were carried out as described
previously (39).

Analysis of 0-galactosidase activity. 1-Galactosidase
expression was monitored by staining fixed cells with
5-bromo-4-chloro-3-indolyl-i-D-galactopyranoside (X-Gal).
Cells were typically stained for 4 h to prevent background
staining resulting from lysosomal P-galactosidase (41). p-Ga-
lactosidase activity was quantified as described by Norton
(26) using o-nitrophenyl-p-D-galactoside (ONPG) as a sub-
strate. For fluorescence-activated cell sorter (FACS) analy-
sis, U3LacZ-infected NIH 3T3 cells were treated with fluo-
rescein di-p-D-galactopyranoside (FDG; Molecular Probes)
and sorted according to fluorescence intensity into LacZ+
and LacZ- cells by using a Becton-Dickinson FACS Star
Plus cell sorter with a 530-nm band-pass filter as described
previously (25).

Nucleic acid blot hybridizations. The structure of the
proviruses in LacZ+ and LacZ- NIH 3T3 cell lines was

analyzed by Southern blot hybridization as previously de-
scribed (39). Polyadenylated [poly(A)+] RNA was prepared
from LacZ+ and LacZ- clones by oligo(dT)-Sepharose
chromatography, fractionated in 1% formaldehyde-agarose
gels, and transferred to Nitroplus 2000 hybridization mem-
branes (Micron Separations Inc.) as described previously
(27). 32P-labeled probes were prepared (11) from restriction
endonuclease fragments of pGgTKNeoU3LacZen(-) corre-

sponding to lacZ (3-kbp NheI-EcoRI fragment), neo (1.2-kbp
BglII-BamHI fragment), or gag (1.1-kbp PvuI-XhoI frag-
ment).
RNase protection assay. Cellular RNA (30 ,ug) was hybrid-

ized at 55°C for 12 h to 32P-labeled RNA probes as previ-
ously described (38, 39). Probes complementary to the
provirus coding strand were prepared by using T3 RNA
polymerase to transcribe a 643-nt BamHI-HpaI fragment of
pGgTKNeoU3LacZen(-) cloned into Bluescript KS(-)
(Stratagene). After hybridization, samples were digested
with RNase A (5 ,ug/ml) and RNase T1 (2 p.gIml) (Boehringer
Mannheim Biochemicals) and processed for gel electropho-
resis as previously described (38, 39). Protected fragments
were separated on 6% polyacrylamide-8.3 M urea gels and
visualized by autoradiography.

Immunoprecipitation. Cells (106) were placed in methio-
nine-free Dulbecco minimal essential medium (Flow Labo-
ratories)-1% fetal calf serum for 30 min and labeled for 10
min with [35S]methionine (ICN Radiochemicals) at 0.1 mCi/
ml. The cells were washed in PBS (140 mM NaCl, 3 mM
KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4) and lysed for 10
min at 4°C in 1 ml of Triton lysis buffer (150 mM NaCl, 50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES; pH 7.5], 5 mM EDTA, 1% Triton X-100) supple-
mented with antipain, leupeptin, aprotinin, chymostatin, and
pepstatin (Sigma), each at 5 ,ug/ml. 3-Galactosidase was

immunoprecipitated from aliquots containing 5 x 106 tri-
chloroacetic acid-precipitable counts by using an anti-1-
galactosidase antibody (Promega). Immune complexes were

collected by adding 15 ,ul of protein A-agarose beads (Repil-
gen) for 1 h at 4°C. After three washes with lysis buffer
supplemented with 0.1% sodium dodecyl sulfate (SDS), im-
munoprecipitated proteins were electrophoresed in SDS-8%
polyacryamide gels (20) and visualized by fluorography.

RESULTS

lacZ sequences in U3 do not interfere with virus infectivity.
The U3LacZ vector pGgTKNeoU3LacZen(-) was derived
from pGgTKneoU3His (39) by replacing the hisD gene with
E. coli lacZ coding sequences and contains a neo gene under
the transcriptional control of the herpes simplex virus type 2
thymidine kinase promoter to provide an independent mea-
sure of virus titers. Cell lines producing ecotropic and
amphotropic U3LacZ viruses were generated by transfecting
10 pug of pGgTKNeoU3LacZen(-) into qi2 (23) and PAC317
(24) lines, respectively. Titers of the U3LacZ virus were high
(2 x 106 to 4 x 106 G418-resistant CFU/ml/107 tl2 clones and
0.5 x 106 to 1 x 106 G418-resistant CFU/ml/107 PAC317
clones), suggesting that the extra 3.1-kbp lacZ sequence
inserted into the LTR did not impair the ability of the virus
to be passaged into recipient cells.
Most U3LacZ proviruses do not express ,I-galactosidase.

NIH 3T3 cells were infected at a multiplicity of infection of
1 Neor CFU per cell, and after 14 days in selection, lacZ
expression in Neor colonies was monitored by staining with
X-Gal (Fig. 1). Approximately 0.6% of 6,770 Neor colonies
examined expressed detectable ,B-galactosidase and stained
blue with X-Gal, whereas Neor colonies isolated after infec-
tion with a control (U3His) virus failed to stain (Fig. 1).
To enrich for ,-galactosidase-expressing cells, pools of

Neor clones were treated with FDG and sorted according to
fluorescence intensity into LacZ+ and LacZ- cell popula-
tions (25). LacZ+ cells were expanded in culture and re-
sorted. The fluorescence profiles of U3LacZ-infected cells
during the first and second FACS cycles are shown in Fig.
2C and D, respectively. By using the same sorting strategy
with uninfected NIH 3T3 cells, no significant enrichment for
cells with high endogenous P-galactosidase was seen (Fig.
2A and B), indicating that recovery of highly fluorescent
cells depended on prior infection with U3LacZ. Approxi-
mately 70% of clones derived from LacZ+ cells stained with
X-Gal, whereas none of the LacZ- clones stained (Fig. 1).
Thus, the overall enrichment through two FACS cycles was
117-fold. On average, LacZ+ clones expressed approxi-
mately 10-fold-higher levels of ,-galactosidase than LacZ-
clones did (Fig. 3).

lacZ sequences in U3 are duplicated as part of the LTR.
Structures of the integrated U3LacZ proviruses in each of
four LacZ+ and LacZ- clones were analyzed by Southern
blot hybridization. Cleavage of DNA from U3LacZ-infected
clones with ClaI (Fig. 4B) generated a 6.6-kbp fragment, as
expected for proviruses flanked by 3.1-kb lacZ sequences
duplicated as part of U3. Variable-sized fragments in dif-
ferent clones originate from ClaI sites in the flanking cellular
DNA extending to the ClaI site in lacZ.

Analysis of cellular DNAs digested with HindIlI (an
enzyme that does not cut within the provirus) revealed that
each clone was an independent isolate (Fig. 4C). The number
of proviruses in U3LacZ-infected Neor clones (half con-
tained one provirus, whereas the other half contained two
proviruses) compares favorably with the value expected,
according to a Poisson distribution (10), following infection
at a multiplicity of infection of 1 Neor CFU per cell and
suggests that most proviruses are able to transduce G418
resistance.

lacZ expression is not an intrinsic property of the provirus.
Several experiments suggest that the ability to express
3-galactosidase is acquired as a result of integration and is

not an intrinsic property of the provirus. First, virus pro-
ducer lines expressed low levels of ,-galactosidase (Fig. 3),

J. VIROL.



lacZ GENE FUSIONS 1509

B

C

313 4

WIC W4A W5B W8A

CD15 ED2 GD5 KD4

FIG. 1. Expression of P-galactosidase in NIH 3T3 cells infected with U3LacZ viruses. NIH 3T3 cells were infected with U3LacZ (A) or

U3His (B) viruses, selected in G418 for 14 days, and stained with X-Gal. LacZ+ (blue) colonies were observed only in cultures infected with
U3LacZ. (C) lacZ expression in individual cell clones recovered after treatment with FDG and sorting by FACS: 3T3, parental NIH 3T3 cells;
%p4, U3LacZ W2 producer cells; W1C, W4A, W5B, and W8A, LacZ- clones recovered after sorting for low fluorescence; CD15, ED2, GD5,
and KD4, LacZ+ clones recovered after sorting for high fluorescence.

indicating that translation of 3' lacZ sequences did not occur

at a significant level. Second, lack of p-galactosidase expres-

sion in LacZ- clones was phenotypically stable. Thus, all
four LacZ- clones failed to produce LacZ+ colonies when
plated at clonal densities (frequency less than i0-4). Loss of
f-galactosidase expression occurred more frequently in

LacZ+ clones: 0.2 to 1% of colonies derived from four
LacZ+ cell lines failed to stain with X-Gal. Third, p-galac-
tosidase expression was not apparently activated by muta-
tions, since the proviruses in LacZ+ lines lacked gross
structural rearrangements (Fig. 4). Finally, the viruses res-

cued from LacZ+ clones did not transduce j-galactosidase

A
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FIG. 2. FACS enrichment of lacZ-expressing cells. NIH 3T3 cells (A) or cells derived from apool of 600Neor NIH 3T3 colonies induced

by the U3LacZ virus (C) were treated with FDG and analyzed by FACS. Then 0.01% of the cells displaying the highest fluorescence in panels
A and C were recovered, grown in mass culture, and reanalyzed by FACS-FDG (B and D, respectively).

expression any more efficiently (compared with their ability
to transduce Neor) than the original U3LacZ virus (data not
shown).

lacZ expression is activated by flanking cellular promoters.
Integration of U31acZ proviruses places the ,-galactosidase
open reading frame just 30 nt from the flanking cellular
DNA. Therefore, to investigate whether lacZ expression is
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FIG. 3. 1-Galactosidase expression in NIH 3T3 cell clones.
Abbreviations: 3T3, parental NIH 3T3 cells; tl3, iP4, 65, tl6, clones
of 4i2 cells producing the U3LacZ virus; W1C, W4A, W5B, and
W8A, LacZ- clones; CD15, ED2, GD5, and KD4, LacZ+ clones.
One unit (U) of 3-galactosidase is equivalent to 1 nM ONPG
hydrolyzed per min at 37°C.

activated by flanking cellular promoters, we analyzed
poly(A)+ RNAs from LacZ+ and LacZ- clones by Northern
blot hybridization (Fig. 5). All clones expressed 6.6- and
5-kb transcripts that hybridized to lacZ probes. These tran-
scripts presumably initiate in the 5' LTR and the tk pro-
moter, respectively, and terminate in the 3' LTR (Fig. 5A).
LacZ+ clones expressed two additional transcripts of 9.9
and 3.4 kb (Fig. SB) that appear to originate in flanking
cellular sequences and terminate at either the 3' or 5' LTR.
Consistent with this model, the 9.9- and 6.6-kb transcripts
hybridized to both neo and gag probes (Fig. SC), while the
S-kb transcript hybridized to neo but not to gag (Fig. SD).
The 3.4-kb transcript present in different LacZ+ clones
varied in size by as much as 450 nt. This would be expected
if the length of cellular RNA appended to lacZ depended on
the position of the provirus relative to a transcriptional
promoter or within an exon. Finally, some clones exhibited
RNA species of unknown origin; however, RNase protec-
tion analysis (see below) showed that these RNAs are not
initiating in the flanking cellular DNA.
To determine whether transcripts in LacZ+ clones initi-

ated within the flanking cellular DNA, we analyzed total
RNA by an RNase protection assay with probes complemen-
tary to the provirus coding strand. RNA from all clones
protected a 643-nt fragment from polycistronic transcripts
containing both neo and 3' lacZ sequences. However only
RNA from LacZ+ clones protected a 501-nt fragment, the
size expected for hybrid cell-virus transcripts extending
through the 5' end of the LTR (Fig. 6).
LacZ+ clones do not express fusion proteins. Sequence

analysis revealed that the translational reading frame up-
stream of lacZ is not blocked by termination codons (data
not shown). Consequently, ,-galactosidase expression could
result when the provirus integrates next to a promoter or in
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FIG. 4. Southern blot analysis of U3LacZ proviruses in NIH 3T3 cell lines. (A) Structure of the U3LacZ provirus. (B and C) Cell DNAs
were digested with ClaI (panel B) or HindIll (panel C), fractionated on 1% agarose gels, blotted, and hybridized to lacZ probes as follows:
lane 1, NIH 3T3; lanes 2 to 5 LacZ- clones W1C, W4A, W5B, and W8A; lanes 6 to 9, LacZ+ clones CD15, ED2, GD5, and KD4.

the appropriate translational reading frame in an exon.

However, the electrophoretic mobilities of P-galactosidase
proteins immunoprecipitated from LacZ+ clones were sim-
ilar to native E. coli P-galactosidase, indicating that most
activating gene fusions did not append cotranslated se-

quences to the 5' end of lacZ (Fig. 7).
Isolation of cell clones with inducible lacZ expression. In

principle, differential sorting of neomycin-resistant clones
provides a means to isolate cells in which lacZ is fused to
regulated promoters. We were particularly interested in
isolating cells in which lacZ expression could be induced by
changes in the growth state of the cell. BALB 3T3 cells were
infected with the U3LacZ virus (one Neor CFU per cell), and
a collection of 2 x 104 Neor clones was selected, grown in
mass culture, and arrested at confluence in 2% calf serum for
10 days, and cells displaying the highest fluorescence (high-
est 0.1 percentile; quiescent:LacZ+) were selected by
FACS-FDG. Quiescent:LacZ+ cells were expanded in cul-
ture and cells displaying the lowest fluorescence (lowest 30
percentile; log:LacZ-) were sorted from exponentially
growing cell cultures. Finally, quiescent:LacZ+/log:LacZ-
cells were growth arrested, resorted for LacZ+ cells (highest
0.1 percentile), and plated at clonal densities. A total of 96
clones were expanded and tested individually for differential
,-galactosidase expression; 30 expressed a quiescent:LacZ+
phenotype as judged by X-Gal staining, and in 2 of the 10
clones chosen for further analysis, lacZ expression was

induced and repressed in growth-arrested and log-phase
cells, respectively (Fig. 8). In contrast, lacZ was not signif-
icantly induced in three randomly selected log:LacZ- clones
(Fig. 8 and data not shown).

DISCUSSION
A retrovirus promoter-trap vector has been described in

which the E. coli lacZ gene provides a marker for instances
in which the virus integrates near cellular promoters. At 3.4
kbp, the U3LacZ virus contains the largest reported LTR,
considerably longer than the normal Moloney murine leuke-
mia virus LTR (0.59 kbp) or the 2.7 kbp of the nondefective
Moloney murine leukemia virus LTR containing adenosine
deaminase sequences (14). Since U3LacZ titers were quite
high, the 3.1-kbp lacZ sequence affected neither the gener-
ation of LTRs during reverse transcription nor integration of
the provirus. Although the length of foreign sequences
tolerated by LTRs is unknown, we suspect that only pack-
aging constraints of the virion will limit the maximum length
of sequences tolerated within U3.
Although provirus transcripts normally extend through the

site of polyadenylation in the 5' LTR, transcripts initiating in

the flanking cellular DNA terminate at both the 5' and 3'
LTRs. This result is consistent with the observation that U3
sequences are necessary for RNA processing (9). Approxi-
mately 1 in 200 of all Neor colonies induced by U3LacZ
expressed detectable levels of ,B-galactosidase. This ratio
reflects the fact that the neo gene is expressed from an

autonomous promoter, whereas lacZ expression requires
integration near a cellular promoter. Compared with the
U3His virus (39), the U31acZ vector is 10-fold more efficient
at inducing functional gene fusions. Two mechanisms may
contribute to the relative ease of activating lacZ expression.
First, as judged by Northern (RNA) blot analysis, the level
of 3-galactosidase required for detection appears to be lower
than the level of histidinol dehydrogenase required for
histidinol resistance. This would allow lacZ to identify

A

wMIl CIaI

B
1 2

11.2-
9.2-

7.1- Z
6.1-

5.1-

VOL. 65, 1991

CDCX= _LI _- 7

a,",.ML

4*000



1512 REDDY ET AL.

A
Nhel/

L-

Cla

.I-__.
L acZ

_

Nhe I Nhe I Cla I

L ac7

li3

L dUU tk Neo

RrJ-:-

Nhe I

R/USzr
pu

>9.9 kbp

6.6 kbp

5 kbp

> 3.4 kbp

C
1 2 3 4 5 6 7 8 9

D
1 2 3 4 5 6 7 8 9

"? ~ -10

:W -7-

28S -

1es-

-10

-7

-528S- * tO

18S-

1 2 3 4 5 6 7 8 9

.W.-.m

'i

-10

_1 -7

28S -

18S-

FIG. 5. Northern blot analysis of provirus transcripts. (A) U3LacZ provirus structure and predicted transcripts. (B to D) Poly(A)+-
selected RNA (2.5 ,ug) was fractionated on 1% formaldehyde-agarose gels, transferred to nylon membranes, and hybridized to lacZ- (panel
B); neo- (panel C), or gag (panel D)-specific probes as follows: lane 1, NIH 3T3; lanes 2 to 5, LacZ- clones W1C, W4A, W5B, and W8A;
lanes 6 to 9, LacZ+ clones CD15, ED2, GD5, and KD4.

weaker promoters, assuming no offsetting differences in
protein or RNA stability. Second, cellular sequences ap-
pended to lacZ transcripts were longer than hybrid hisD
transcripts, suggesting that the size of each site capable of
activating U3LacZ is larger than for U3His. This implies that
detectable levels of lacZ can be expressed even when the
initiating AUG codon for 3-galactosidase is downstream of
other initiation codons (18). Finally, unlike hisD, lacZ cod-
ing sequences are not blocked by upstream termination
codons; therefore, expression of 3-galactosidase fusion pro-
teins (7) could result from integrations in exons. However,
,B-galactosidase fusion proteins were not detected in any of
the four LacZ+ clones examined. The reasons for this are
not known, but similar results were obtained with gene-trap
retroviruses, suggesting that lacZ activation preferentially
involves integrations near the 5' end of genes (6).

It is possible to estimate the maximum number of sites
which permit lacZ expression in NIH 3T3 cells. The total
integration target for neo transduction cannot exceed the
size of the genome (3 x 109 nt), implying that the target
permitting lacZ expression is smaller than 1.5 x 107 nt.
Dividing the total integration target by the average size of
each integration site (i.e., 450 nt [the average length of
cellular sequence appended to lacZ as estimated by North-

ern blot analysis]) yields a maximum of 3 x 104 sites capable
of promoting detectable levels of P-galactosidase. This value
falls within the range of active genes (2 x 104 to 4 x 104) as
estimated by RNA renaturation kinetics (22).

This calculation assumes (i) that all cells in which U3LacZ
integrates will also acquire neomycin resistance, (ii) that
most of the genome is a target for integration, and (iii) that
retroviruses integrate randomly. These assumptions, al-
though unproven, appear largely valid. Thus, although neo
expression relies on the relatively weak tk promoter (40), the
number of proviruses in Neor clones follow a distribution
appropriate for the multiplicity of infection. Although sev-
eral studies suggest that integration is biased for transcrip-
tionally active chromatin (6, 28, 37), another suggests that
80% of all integrations are random and involve most of the
genome (30). Likewise, the low efficiency of insertional
mutagenesis (at expressed hemizygous loci) in cultured cells
is consistent with a large integration target (16, 36). Even the
apparently high proportion (5%) of integration events that
induce mutations in mice need not imply that integration is
restricted, since 3 x 104 phenotypically significant genes,
averaging 5,000 nt in size, would occupy 5% of the genome
(32, 34, 42).

In summary the U3LacZ promoter-trap virus provides an

B
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FIG. 6. RNase protection analysis of provirus transcripts. (A) Transcripts extending through the 5' and 3' LTRs should protect 501 and
643 nt, respectively, of a 689-nt probe that spans the 643-nt region between the provirus BamHl (B) and HpaI (H) sites. (B) The following
RNAs were analyzed: yeast tRNA (lane 1); NIH 3T3 cells (lane 2); LacZ- clones W1C, W4A, W5B, and W8A (lanes 3 to 6); and LacZ+ clones
CD15, ED2, GD5, and KD4 (lanes 7 to 10). Lanes corresponding to end-labeled DNA molecular weight markers (M) and undigested probe
(P) and the positions of molecular weight markers (left) and mobilities of expected fragments (right) are also indicated.

efficient means of inducing functional lacZ gene fusions in
mammalian cells. Differential sorting of Neor clones for
13-galactosidase expression may be used to isolate regulated
promoters. For example, in the present study, promoters
repressed by growth-promoting stimuli could be identified by
sequential sorting of quiescent and serum-stimulated cells
for changes in B-galactosidase expression. Cell lines contain-
ing reporter genes linked to regulated promoters may also be
used to identify trans-acting factors which modulate expres-
sion and to assay for potential drugs which influence signal
transduction pathways. Finally, it should be possible to
study temporal and spatial patterns of gene expression in
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FIG. 7. ,-Galactosidase expression in LacZ+ and LacZ-
Cells were labeled with [35S]methionine and immunoprec
with anti-3-galactosidase antibody as follows: NIH 3T3 cel
1); B6, a control cell line expressing E. coli lacZ (12) (lane 2);
clones W1C, W4A, W5B, and W8A (lanes 3 to 6); and LacZ'
CD15, ED2, GD5, and KD4 (lanes 7 to 10).
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FIG. 8. Growth-dependent regulation of lacZ expression in
BALB 3T3 cells. 3-Galactosidase enzyme activities were measured
in log-phase (L) or growth-arrested (A) cells. Ni and N3 are
randomly selected Neor clones isolated following infection with the
U3LacZ virus; D5 and D2 are clones isolated after sorting for cell
clones expressing a quiescent:LacZ+/log:LacZ- phenotype. One
unit (U) of P-galactosidase is equivalent to 1 nM ONPG hydrolyzed
per min at 37°C.

vivo by constructing transgenic mice from embryonal stem

clones, cells infected with the U3LacZ virus.
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