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ABSTRACT A retrovirus vector has been used to isolate
transcriptional promoters from mammalian cells. The virus
contains a selectable gene encoding histidinol dehydrogenase
(his) in the U3 region of the 3' long terminal repeat (LTR).
When the virus is passaged, duplication of LTRs places his
sequences just 30 nucleotides from the adjacent cellular DNA.
As a result, selection for histidinol resistance generates cell
clones in which his is expressed on transcripts initiating in the
flanking cellular DNA. Upstream cellular sequences, cloned
after amplification by polymerase chain reaction, hybridized to
RNA from uninfected cells, indicating that the adjacent pro-
moters were transcriptionally active prior to virus integration.
Two cloned transcribed flanking sequences also contained
highly active transcriptional promoters, as estimated by their
ability to activate expression of a linked reporter gene. Thus,
U3His vectors provide a rapid and efficient means to isolate
promoters active in different cell types. Moreover, by selecting
for cell clones containing proviruses integrated in expressed
genes, the virus may make an effective insertional mutagen.

Transcription of eukaryotic genes is regulated by cis-acting
DNA sequences. Promoters are located immediately upstream
of transcriptional start sites and control transcriptional initia-
tion by RNA polymerase. Enhancer elements increase the rate
of transcriptional initiation and, to a certain extent, function
irrespective of their position or orientation (1, 2).
Most promoters have been isolated from genomic libraries

by using cDNA probes to identify sequences downstream of
the transcriptional start site and by testing nearby sequences
for promoter activity. However, isolating cellular promoters
can be difficult because nearly full-length cDNA clones may
be required to identify genomic sequences near the sites of
transcriptional initiation, and transcribed genomic sequences
may be hard to distinguish from untranscribed pseudogenes.
We have developed an alternative method to isolate tran-

scriptional control elements which does not require prior
isolation of gene sequences. The strategy exploited several
features of the retroviral life cycle (3) to construct vectors
that select for integration events near transcriptional promot-
ers (4). In particular, retroviruses integrate at nearly random
sites in the mammalian genome (5), yet recombination in-
volves the precise recognition and conservation of specific
viral sequences. Prior to integration, sequences near the ends
of the viral genome duplicate such that the integrated provi-
rus is flanked by long terminal repeat (LTR) sequences
derived from the 5' (U5) and 3' (U3) ends of the viral genome.
Foreign sequences can be inserted into the U3 region without
adversely affecting the ability of the virus to be passaged;
thus, histidinol-dehydrogenase-encoding sequences (his) in-
serted in U3 duplicated along with other LTR sequences. As
a result, the his copy located in the 5' LTR integrated just 30
nucleotides (nt) from the flanking cellular DNA. Selection for
histidinol resistance generated cell clones in which the his

gene in the 5' LTR was invariably expressed on transcripts
initiating nearby in the flanking cellular DNA (4). In this
study, the polymerase chain reaction (PCR) (6) was used to
isolate cellular promoters upstream of U3His proviruses.t

MATERIALS AND METHODS
Analysis of Proviral Flanking Sequences. Genomic DNAs

from histidinol-resistant (HiSolR) cell lines (4) were digested
with Hinfl and ligated at a concentration of 5 ,ug/ml to obtain
circular molecules. After cleavage with Pvu II, 1 gg ofDNA
from each sample was used for the PCR. PCRs were per-
formed in 100 ,ul of 10 mM Tris HCI, pH 8.3/5 mM KCl/1.5
mM MgCl2/200 ,uM of each deoxyribonucleoside triphos-
phate, 2.5 units of Amplitaq DNA polymerase (Perkin-
Elmer/Cetus), and each primer (5'-CCAGTCAATCAGGG-
TATTGA-3' and 5'-GTCAGCGATATTCTGGATA-3') at 1
,uM. Reactions proceeded through 40 cycles of denaturation
(95°C for 1.5 min), primer annealing (50°C for 1.5 min), and
primer extension (72°C for 3 min). Gel-purified PCR products
were cleaved with Nhe I and Ssp I and ligated to Bluescript
KS(-) (Stratagene) plasmids digested with Xba I and EcoRV.

Nucleotide sequences of provirus-cell DNA junctions
were determined by the dideoxy chain termination method as
described (7).

Ribonuclease Protection Assays. Cellular RNA (30 ,ug) was
hybridized to 32P-labeled RNA probes as previously described
(4). Probes complementary to the provirus flanking region
coding strands extending from the U3 junction to a BssHII
restriction site 66 nt downstream ofthejunction were prepared
by using phage T7 RNA polymerase (Promega Biotec) to
transcribe the Nhe I/BssHII fragments cloned in Bluescript
KS(-). After hybridization, samples were digested with
RNases A (Boehringer Mannheim) and T1 (BRL) at concen-
trations of S ,g/ml and 1000 units/ml, respectively. Protected
fragments were separated on denaturing 8% polyacrylamide/
8.3 M urea gels and visualized by autoradiography.

Analysis of Promoter Activity. Provirus-cell DNA junctions
(isolated after digesting pBluescript clones with Not I and
HindIII) were ligated to pCAT (digested with Bgl II and
HindIII). Prior to ligation, Not I and Bgl II ends were made
blunt with the Klenow fragment of DNA polymerase. pCAT
was derived from pTKCAT (8) by removing the thymidine
kinase promoter sequences. Twenty micrograms of each
pCAT plasmid together with 20 ,ug ofpCH110 (Pharmacia) (9),
a reporter plasmid expressing f3-galactosidase, were cotrans-
fected into NIH3T3 cells as previously described (10). After
incubation for 48 hr, cells were recovered in 100 ,ul of0.25 mM
Tris HCI, pH 8, and lysed by freeze-thawing. Chlorampheni-
col acetyltransferase (CAT) assays were performed as previ-

Abbreviations: CAT, chloramphenicol acetyltransferase; His-olR,
histidinol-resistant; LTR, long terminal repeat; PCR, polymerase
chain reaction; SV40, simian virus 40.
*To whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M33167 for P3aU3, M33168 for
P3bU3, M33169 for P7U3, M33170 for I7aU3, M33171 for P7bU3,
and M33172 for T9U3).
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ously described (11), using 1 mM chloramphenicol (Sigma) and
1 ,uCi of [3H]acetyl-CoA (New England Nuclear, NET-290L,
200 mCi/mmol; 1 Ci = 37 GBq) per sample.
To control for variation in transfection efficiencies, CAT

activity, expressed as cpm per milligram of cell protein
[determined by the Bradford method (12)], was normalized
for,8-galactosidase expression as previously described (13).

RESULTS
Cloning of Cellular DNA Flanking the 5' End of U3His

Proviruses. The life cycle ofthe U3His vector is shown in Fig.
1. While the vector can transduce both neomycin and histi-
dinol resistance, only 1 in 2500 U3His proviruses acquires the
ability to express his at levels sufficient to render cells
resistant to L-histidinol. Analysis of RNA extracted from
HisOlR cells suggested his expression resulted from tran-
scripts initiating in the flanking cellular DNA (4).
Three out of four HiSOlR cell lines examined in the present

study contained two proviruses, reflecting the initial multi-
plicity of infection (Table 1). To isolate cellular sequences
that might have activated his expression, DNA flanking the
5' end of U3His proviruses was amplified by the PCR.

Oligonucleotides were synthesized that would prime poly-
merase reactions in opposite directions from a Pvu II site
located 72 nt from the end of the LTR (Fig. 2A). To generate
small restriction fragments that amplify more efficiently,
genomic DNA was digested to completion with Hinfl, yield-
ing an average fragment length of 800 nt (data not shown).
Hinfl fragments were circularized by using DNA ligase, thus
positioning 5' flanking sequences between the proviral prim-
ing sites. To avoid PCR products originating from circles
formed at the 3' end of the provirus, the DNA was digested
with Pvu II, which cleaves fragments derived from the 3'
LTR (Fig. 2A). Such separation was less likely to occur at the
left end because Pvu II sites are an order of magnitude less
frequent than Hinfl sites in mammalian DNA.
PCR products from each HisOlR line varied in size, as one

might expect if flanking Hinfl sites were located at different
distances from the proviruses. Accordingly, amplified frag-
ments were 725-1130 nt in size, which corresponds to 95-500
nt of cellular DNA appended to a 630-nt U3his segment (Fig.
2 B and C; Table 1). In some clones, digestion by Pvu II was
incomplete, resulting in a PCR product of 680 nt, derived
from the 3' end of the provirus (Fig. 2B). With the exception
of T9 cells, the number of amplification products matched
the number of integrated proviruses (Table 1), indicating that
in most instances it was possible to amplify upstream cellular
sequences. However, this strategy is not expected to amplify
upstream sequences in cases where the Hinfl sites are far
apart or when the flanking fragment is cleaved by Pvu II.

Table 1. Cell lines and results obtained with cloned
flanking sequences

Number of
His-olR provirus Flanking RNase Promoter
cell line integrations DNA, nt protection activity

P3 2 a 500 + +
b 180 -

P7 1 110 +
P7 2 a 420

b 300 + +
+9 2 a 95 +

b NA
The table lists the number of proviruses in each HiSOlR line (4) and

sizes offlanking cellular sequences cloned after PCR. When there are
two integrations, they are referred to as a and b, and the cloned
fragments are named accordingly, e.g., P3a and P3b. Cloned flanking
sequences that hybridized to transcripts from uninfected N1H3T3
cells and activated expression of a CAT reporter gene in a transient
expression assay are indicated (+). NA, not amplified.

Amplified DNAs were digested with Nhe I/Ssp I and
cloned in plasmid vectors digested with Xba I and EcoRV
(Fig. 2 A and C). Sequence analysis of the cloned PCR
products confirmed that each contained authentic junctions
between viral and cellular DNA (Fig. 3). Each junction
lacked the first 2 nt of U3 normally deleted during provirus
integration (3); thus, his sequences did not interfere with
recognition or ligation of sequences near the end of U3. U3
sequences were otherwise unaltered, except one provirus in
T7 cells contained a 4-nt substitution in the inverted repeat
region (Fig. 3). This alteration was not a PCR artifact, since
the same sequence was found in a fragment isolated from an
independent amplification reaction. However, the mutation
may have occurred after provirus integration, since similar
mutations in U5 seriously affect viral replication (14).
The cellular portion of each sequence was unique (Fig. 3),

indicating that each provirus was derived from an indepen-
dent integration event. Computer analysis of the flanking
sequences failed to identify similar sequences in the GenBank
and EMBL data bases, except for the T7b flanking sequence
(Fig. 3) which was 84% identical to the consensus sequence
of a B1 repetitive element (nt 89-38) (15, 16).

Sequences Flanking U3His Proviruses Are Complementary
to Cellular Transcripts and Contain Active Promoters. In
principle, provirus integration may affect the transcriptional
activity of nearby cellular sequences, such that his expres-
sion results from insertional activation of cryptic cellular
promoters. This seemed unlikely, since the U3His virus lacks
known enhancers and only 1 in 2500 integrations was accom-
panied by his expression (4). Nevertheless, it was important

Plasmid Vector

EiH
U3RU5 tK Neo U3 RU5

IF

Neo R Lines

I His D P
U3 R

Infect 3T3

HisR or NeoR Lines

I....I..{3......0His D

tk Neo U3 RU5

FIG. 1. Structure and replica-
tion of the U3His retrovirus vec-
tor. Gene sequences are labeled as
follows: His D, Salmonella typhi-
murium histidinol dehydrogenase;
Neo, neomycin phosphotransfer-
ase; and tk, herpes simplex virus
thymidine kinase promoter; U3,
R, and US are segments of the
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FIG. 2. Cloning of sequences flanking U3His proviruses. (A) Strategy for amplifying flanking sequences by PCR. (B) Ethidium
bromide-stained gel showing the PCR products from His-olR cell lines P3, P7, T7, and T9. (C) Ethidium bromide-stained gel showing PCR
products cloned in Bluescript vectors. kb, Kilobases.

to determine whether sequences which activate his expres-
sion are transcribed prior to provirus integration.

If flanking promoters were active prior to proviral integra-
tion, then sequences flanking the provirus should be ex-
pressed on cellular transcripts isolated from uninfected cells.
32P-labeled RNA probes complementary to provirus-flanking
sequences were prepared and hybridized to RNA extracted
from 3T3 cells. Fig. 4B shows that RNA probes from each
clone examined protected transcripts in NIH3T3 cells. How-
ever, such transcripts were detected by only one of the two
probes isolated from cell lines with two proviruses, indicating
that only one provirus had integrated into an expressed site.
Protected fragments varied in size as one might expect from
transcripts initiated in different genes (Fig. 4B). When hy-
bridized to RNA from corresponding parental lines, two
probes (P3a and T7b) protected additional fragments that
were 30 nt larger than the largest fragments protected by

Flanking Cellular DNA

U3

P3a ACCTTACAAAAGATGGGTGTACGCTCTCTTTTCAGAGTAAGTAGTGTTAA

P3b ATGTCTTTGGAAAAGGATATTAACTTTGCAAGTTCTGGGCTGACTTGTAT

P7 GGTGCGTCCGAGTACTCTAAGGGTTTAACTTACTGATTAAAGTCTTCTCT

Y7a GCTTATGGAGACTGAAAATAGGCTAAGACCTCTATTTGCCCAAAAATGT

P7b TTATAGACCAGGGTGGCCTCGAACGTAAAATCCGCCTGCCTCTGCCACC

TP9 GGTAGACGCGGCTCCGGGGCCTTCCGCTTTACACACTTGTGAGCGGCTC(

NIH3T3 RNA, exactly the size expected for transcripts
initiated in the allele containing the provirus (Fig. 4).
Although flanking probes P7 and P9 hybridized to RNA

from NIH3T3 cells, transcripts containing virus-cell junctions
were not detected in P7 and T9 cells. The reasons for this are
not known. Short probes complementary to LTR his se-
quences failed to detect cryptic splice sites that could have
deleted 5' U3 sequences. Instead, RNA from all His-olR clones
examined protected fragments of the exact size expected for
cellular transcripts extending through the 5' end of the provi-
rus (data not shown). It is possible that mutations introduced
during PCR prevented allelic transcripts from being detected,
since Taq DNA polymerase introduces mutations at a fairly
high frequency (6) and even single nucleotide substitutions
increase the sensitivity ofRNA-RNA hybrids to RNases (17).
Some fragments protected by the T7b probe probably

result from unrelated transcripts hybridizing to the 94-nt B1

Provi rus

_+GAAAGACCCCACCTGTAGGTTTGGCAA

TGAAAGACCCCACCTGTAGGTTTGGCAA

*__ rAAAGALLACCACThAGLGTITTGAA

:-_TGCCCACCTGTAGGTTTGGCAA

:_TGAAAGACCCCACCTGTAGGTTTGGCAA

:__TGAAAACCCCACCTGTAGGTTTGGCAA

FIG. 3. Nucleotide se-
quences of the junctions be-
tween U3His provirus and flank-
ing cellular DNA. Junctions and
nucleotide substitutions in U3
are boxed; - indicates U3 nucle-
otide not present.
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sequence flanking the provirus, since B1 repeats are present
in cellular mRNAs (15, 16). However, the orientation of B1
sequences is such that the T7b probe should not detect
normal B1 products transcribed by RNA polymerase III.

Finally, to investigate the ability of transcribed flanking
sequences to activate expression of a linked reporter gene,
provirus-cell DNA junctions were cloned in pCAT expres-
sion vectors. When tested for their ability to activate the
expression of the CAT gene in transient transfection assays,
two out of four transcribed flanking sequences stimulated
CAT expression at a level greater than the simian virus 40
(SV40) early region promoter (Fig. 5, Table 1).

DISCUSSION
A retrovirus vector (U3His) has been used to isolate tran-
scriptional promoters from mammalian cells. U3His vectors
replicate normally when passaged to recipient cells and
generate proviruses flanked by his. By selecting for his
expression, cell clones were obtained in which the his gene
in the 5' LTR was expressed on transcripts initiating in the
nearby cellular DNA (4).
A unidirectional PCR method has been developed which

greatly facilitates cloning sequences immediately upstream of
U3His proviruses. While a similar method has been described
to clone proviral flanking sequences (18), U3His vectors
simplify the procedure, since primers used for the PCR
reaction are complementary to his rather than the viral LTR

-9I

,

I..Ii:

FIG. 4. Ribonuclease protec-
tion analysis of cellular tran-
scripts. 32P-labeled probes com-
plementary to provirus-flanking
sequence coding strands were pre-
pared and hybridized each to
RNA from NIH3T3 and parental
cells. (A) Protected fragments ex-
pected in NIH3T3 cells and paren-
tal lines (HisolR 3T3) are indi-
cated by solid bars. (B) RNA sam-
ples from NIH3T3 cells, parental
HisOlR lines, and tRNA were hy-
bridized to P3a, P3b, P7, T7a,
T7b, and T9 probes, as indicated
by brackets. Sizes of end-labeled
pBR322 Msp I restriction frag-
ments are indicated at the left;
protected fragments are desig-
nated by arrowheads at the right.

and thus do not prime sequences derived from endogenous
retroviruses. Cloned flanking sequences hybridized to RNA
from uninfected cells, and they also contained functional
promoters. Thus U3His viruses select for instances in which
the provirus has usurped active cellular promoters.
A number of functional assays to identify and clone mam-

malian transcriptional control elements have been described
(19-23). Each involves (i) introducing gene coding sequences
into cells, either by DNA-mediated gene transfer or by
retrovirus transduction, (ii) selecting for cellular phenotypes
that result when the gene is expressed, and (iii) analyzing
linked DNA sequences for transcriptional activity. However,
these strategies suffer from a variety of limitations. DNA-
mediated gene transfer is relatively inefficient, and recom-
bination between the selectable marker and transcriptional
activator is unpredictable. As a result, the structure and
mechanism of activation of the integrated gene vary from
clone to clone. While retroviruses integrate by precise re-
combinational events, sequences in the 5' LTR-in particular
the viral enhancer, polyadenylylation signal, and multiple
initiation and termination codons-interfere with transcrip-
tional activation or translation of proviral genes. Vectors in
which the retroviral enhancer has been deleted or which rely
on RNA splicing to remove 5' viral sequences have been used
to identify transcriptionally active DNA (22, 24). However,
activating cellular sequences are not closely linked to the
provirus and are therefore not easily cloned.

Proc. Natl. Acad. Sci. USA 87 (1990)
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FIG. 5. Analysis of provirus flanking sequences for promoter
activity. Flanking sequences cloned upstream of a CAT reporter
gene were transfected into NIH3T3 cells and CAT expression was
monitored. Results are normalized for transfection efficiency. Means
and SEMs from four independent experiments are plotted. Flanking
sequence designations are as for Fig. 2; pCAT (negative control)
contains only the CAT coding sequence; pSV2CAT shows CAT
expression from the SV40 early promoter.

The U3His vector avoids these problems because dupli-
cation of the LTR places his coding sequences just 30 nt from
the flanking cellular DNA, outside of viral sequences that
could interfere with transcriptional activation by upstream
cellular promoters. Furthermore, several observations sug-
gest that proviruses which transduce histidinol resistance
integrate within a few hundred nt of the transcriptional start
site. First, less than 200 nt of cellular sequence is appended
to his coding sequences, as determined by Northern blot
hybridization (4). Second, the maximum length of cellular
RNA protected by flanking sequence probes was less than
250 nt. Finally, PCR products of 300 and 500 nt each
contained functional promoters (Table 1).
The sequence of the 5' end of the U3His vector provides a

likely explanation for the close physical association between
the activating cellular promoter and the integrated his gene. An
amber (TAG) termination codon is located 24 nt upstream and
in frame with the initiating AUG codon for histidinol dehy-
drogenase (data not shown). As a result, histidinol dehydro-
genase cannot be synthesized as a fusion protein. This imposes
a strong selection for integration events in which his provides
the first initiating AUG in the resulting hybrid transcript. For
the average mammalian gene, the provirus must integrate
within 100 nt of the transcriptional start site (25).
Two upstream sequences contained functional promoters,

both of which were more active than the SV40 early region
promoter. This result was not unexpected, since steady-state
levels of hybrid his transcripts were quite abundant as judged
by Northern blot hybridization (4). Moreover, histidinol is
thought to kill mammalian cells by acting as a competitive
inhibitor of histidine-tRNA aminoacyltransferase (26) and,
as a result, relatively high levels of histidinol dehydrogenase
may be required to confer resistance. These considerations
suggest that U3His viruses select for integrations near rela-
tively strong promoters. However, it should be possible to
isolate weaker promoters by using other selectable markers
or less stringent selection strategies.

Although only 1 in 2500 integrations places a provirus in an
appropriate position downstream from a promoter strong
enough to confer histidinol resistance, it is still relatively easy
to obtain 104 independent His-olR clones, the maximum
estimated number of integration sites capable ofactivating his
(4). Isolation of upstream sequences does not require exten-
sive subculturing of His-olR clones (or pools of clones), since
sufficient DNA for PCR amplification can be isolated from 5
x 105 cells (27). Thus, it should be feasible to screen a large
number of flanking sequences for promoter activity after
inserting PCR products directly into an expression vector.

In conclusion, U3His vectors should provide a rapid and
efficient means to isolate a large number of transcriptional
promoters active in different cell types. Transcribed flanking
sequences may be used to isolate cDNAs derived from genes
disrupted by virus integration or to map transcriptionally
active sites to distinct chromosomal regions. Finally, U3His
vectors may make effective insertional mutagens, since they
select for instances in which integration occurs into ex-
pressed genes.
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