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ABSTRACT A strategy employing gene-trap mutagenesis
and site-specific recombination (Cre/loxP) has been devel-
oped to isolate genes that are transcriptionally activated
during programmed cell death. Interleukin-3 (IL-3)-
dependent hematopoietic precursor cells (FDCP1) expressing
a reporter plasmid that codes for herpes simplex virus—
thymidine kinase, neomycin phosphotransferase, and murine
IL-3 were transduced with a retroviral gene-trap vector car-
rying coding sequences for Cre-recombinase (Cre) in the U3
region. Activation of Cre expression from integrations into
active genes resulted in a permanent switching between the
selectable marker genes that converted the FDCP1 cells to
factor independence. Selection for autonomous growth yielded
recombinants in which Cre sequences in the U3 region were
expressed from upstream cellular promoters. Because the
expression of the marker genes is independent of the trapped
cellular promoter, genes could be identified that were tran-
siently induced by IL-3 withdrawal.

Apoptosis or programmed cell death (PCD) is a genetically
controlled program of cellular self-destruction, which is of
central importance for the development and homeostasis of
virtually all animals. It is a highly regulated process involving
an increasing number of genes that are conserved in all
metazoans (reviewed in ref. 1).

Some of the initial evidence for an active cell-suicide
program was derived from experiments in which cell death
could be repressed by inhibitors of RNA and protein synthesis,
suggesting that apoptosis is controlled at the transcriptional
level. However, it was subsequently shown that these inhibitors
fail to block and may even induce apoptosis in many other
situations, suggesting that apoptotic effector molecules are
always present in the cell. Indeed, several protein families have
been identified whose members are products of constitutively
expressed genes that either stimulate or inhibit apoptosis
(reviewed in refs. 2 and 3). A disturbed balance between these
proteins is thought to impair development and cause diseases
such as degenerative disorders or cancer (reviewed in ref. 4).

Compelling evidence for PCD genes that are transcription-
ally regulated has been obtained only recently. Two related
genes referred to as reaper and head involution defective have
been isolated from Drosophila melanogaster and shown to
induce apoptosis by activating pre-existing suicide molecules
(5-7). Thus, RNA and protein synthesis appears necessary to
generate molecules capable of modifying the balance between
the antagonistic components of the execution machinery.

To identify such molecules in mammalian cells, where the
types of genetic analyses used with Drosophila are impractical,
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we have developed a strategy that is based on the induction of
gene fusions between a promoterless reporter gene and the
controlling elements of a cellular gene by means of special
vectors referred to as “gene traps” (reviewed in ref. 4). We and
others have shown that by inserting a gene-trap vector into a
large collection of chromosomal sites and selecting for gene
expression, recombinants are obtained in which the transduced
reporter gene is fused to an upstream cellular promoter.
Transcripts generated by such fusions faithfully reflect the
activity of a disrupted cellular gene and serve as a molecular
tag to clone any gene linked to a specific function (8-15).

However, to recover genes that are induced in cells under-
going apoptosis and might be only transiently expressed, an
additional procedure was required to uncouple the trapped
cellular promoter from the transduced reporter gene. To
achieve this, the site-specific recombination system Cre/loxP
(16, 17) was used to permit a permanent switching between
two selectable marker genes by means of a retroviral gene-trap
expressing Cre recombinase (Cre). This rescues interleukin 3
(IL-3) growth factor-dependent hematopoietic cells (FDCP1)
(18, 19) from apoptotic cell death induced by factor depriva-
tion and, thus, allowed selection for gene-trap integrations into
potential suicide genes.

MATERIALS AND METHODS

The sequences for Cre and loxP were derived from pMCCre
and pGEM30, respectively (17). The mouse phosphoglycerate
kinase (pgk) promoter was obtained from ppgkCAT (20) and
the thymidine kinase (tk)neo fusion gene was constructed as
described (21). The mouse cDNA-encoding IL-3 was derived
from pcMulti-CSF (22) and the bovine growth hormone (bpa)
and simian virus 40 polyadenylation sequences were obtained
from pRC/CMV (Invitrogen) and pSBC2 (23), respectively.
Most components of the reporter plasmid ppgklxtkneolL3
were assembled in pBluescript(IIKS) as follows: A loxP site was
first inserted into the Bluescript polylinker as an EcoRI/Pst1
fragment. Subsequently, pgk was ligated into the Xbal/BamHI
sites of the polylinker and tkneo was cloned blunt-ended into
the downstream EcoRV site. The IL-3 gene was initially
subcloned into the EcoRI site of the loxP flanking polylinker

Abbreviations: Cre, Cre recombinase; FDCP, factor-dependent cell

line; IL-3, interleukin 3; LTR, long terminal repeat; PCD, pro-

grammed cell death; tk, thymidine kinase; pgk, phosphoglycerate
kinase.

TPresent address: Wellcome/Cancer Research Campaign Institute of
Cancer and Developmental Biology, Tennis Court Road, Cambridge
CB2 1QR, United Kingdom.

#K.B., U.K,, and D.Z. contributed equally to this work.

fTo whom reprint requests should be addressed at: Laboratory for
Molecular Hematology, Department of Hematology, University of
Frankfurt Medical School, Theodor-Stern-Kai 7, 60590 Frankfurt am
Main, Germany. e-mail: melchner@em.uni-frankfurt.de.



15280  Genetics: Russ ef al.

of pGEM30 after first cleaving the plasmid with Clal/Sall and
religating the filled-in ends to remove an additional EcoRI site.
IL-3-loxP was then recovered from pGEM30 as an Sall/Xhol
fragment and cloned into the Bluescript polylinker. One copy
of bpa obtained as a Xbal/Aval fragment was cloned blunt-
ended into the Clal site downstream of tkneo. To obtain
ppgklxtkneoll.3, an Xhol fragment containing the assembled
sequences was cloned into pSBC2, upstream of a simian virus
40 polyadenylation site. Because with this initial construct
expression of IL-3 in transfected FDCP1 cells was leaky, a
second copy of bpa was cloned blunt-ended into the Sall site
of pSBC2 to obtain the final ppgklxtkneoll.3.

pGgU3Creen(—) was derived from pGgU3Neoen(—) (10)
by replacing the neomycin gene with Cre-coding sequences.
The Cre sequences were amplified by PCR from pMCCre.

Cells and Viruses. U3Cre virus-containing supernatants
were obtained from high titer psi2 producer cells transfected
with pGgU3Creen(—) as described (24). FDCP1 cells were
infected in suspension cultures by incubating for 2 hr with
virus-containing supernatant. Following incubation for 24 hr
in fresh medium, cells were placed in selection using 0.6 pg/ml
of active G418 (GIBCO).

FDCP1 cells were propagated at concentrations of 2 X 103
cells/ml in Dulbecco’s modified Eagle’s medium (DMEM,;
GIBCO), supplemented with 10% (vol/vol) fetal bovine serum
(HyClone) and 10 ng/ml recombinant mouse IL-3 (Sandoz
Pharmaceutical). Agar cultures were an equal volume mixture
of double-strength DMEM supplemented with 40% (vol/vol)
fetal bovine serum (HyClone) and 0.6% (wt/vol) Bacto-agar
(Difco) in double-distilled water as described (25). Where
indicated, cultures contained 5 uM ganciclovir (Syntex, Palo
Alto, CA).

Electroporation of ppgklxtkneoIL3 into FDCP1 cells was
performed using a Bio-Rad GenePulser according to the
manufacturer’s instructions. Recombinants were isolated in
agar cultures containing 0.6 mg/ml G418. Developing clones
were isolated after 10 days and expanded in suspension
cultures as described above.

Amplification and Cloning of Upstream Sequences.
Genomic DNAs from autonomous FLOXIL3 cells were di-
gested with Msel and ligated at concentrations of 5 ug/ml to
obtain circular molecules. After cleavage with Pvull, 1 pg of
each sample was used for PCR as described (20). Reactions
were performed using an Expand high fidelity PCR system
(Boehringer Mannheim) according to the manufacturer’s in-
structions. The DNA was amplified for 35 cycles in a Perkin—
Elmer thermocycler (denaturation at 94°C for 30 sec, anneal-
ing, and elongation at 68°C for 3 min) using the Cre-specific
primers 5'-GCATTGCTGTCACTTGGTCGCGGCAGCC-3'
and 5'-CGGTGAACGTGCAAAACAGGCTCTAGCGTT-3".
Where required, nested PCRs were performed for an additional
35 cycles (denaturation at 94°C for 1 min, annealing at 68°C for
1 min, elongation at 72°C for 2 min) using the primers 5'-ATT-
CAACTTGCACCATGCCGCCCACGAC-3' and 5'-CTGTT-
ACGTATAGCCGAAATTGCCAGGATC-3'. Amplification
products were cloned into the T vector (Invitrogen) and se-
quenced with an automatic sequencer (Applied Biosystems).

Nucleic Acid Hybridization Analyses. Genomic DNA and
polyadenylated RNA obtained by oligo(dT)-cellulose chroma-
tography (OligoTex; Qiagen, Chatsworth, CA) were hybrid-
ized to 3?P-labeled probes as described (26). Flanking se-
quences were end-labeled using [3?P-y]-ATP and T4 polynu-
cleotide kinase (New England Biolabs). Blots were scanned
with a PhosphorImager (Molecular Dynamics) and analyzed
with IMAGEQUANT NT software (Molecular Dynamics).

RESULTS

Construction of an FDCP1 Reporter Cell Line Expressing
Two Selectable Marker Genes Flanked by loxP Recombination
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Targets. The FDCP1 hematopoietic precursor cells are strictly
dependent on IL-3 for growth and promptly initiate apoptosis
upon growth factor withdrawal (18, 19).

To obtain a cell line convertible to factor independence by
Cre, FDCP1 cells were electroporated with the reporter
plasmid ppgklxtkneoIL3 (Fig. 14). ppgklxtkneoIL3 consists of
two tandemly arrayed selectable marker genes that are tran-
scribed from a pgk promoter. The 5’ gene encodes for a herpes
simplex virus 2 thymidine kinase (tk)-neomycin phosphotrans-
ferase (neo) fusion protein (21) and is flanked by two loxP
recombination targets. The 3’ gene encodes for murine IL-3
and terminates in a simian virus 40 polyadenylation sequence.
To suppress IL-3 translation from dicistronic transcripts, two
tandem copies of bovine growth hormone polyadenylation
sequence (bpa) were inserted downstream of tkneo. Thus, cells
expressing ppgklxtkneoIL3 were expected to still be IL-3
dependent. Because Cre typically excises the sequences
flanked by direct loxP site repeats, Cre expression was ex-
pected to delete the tkneo gene, thereby placing the IL-3 gene
just downstream of the pgk promoter. As a result, cells would
lose neomycin resistance and acquire factor independence by
synthesizing IL-3 (Fig. 14).

Stable FDCP1 transformants were selected in G418 and five
clonal cell lines were isolated from agar cultures. One cell line
expressing a single copy plasmid, referred to as “FLOXIL3,”
was selected for further analysis.

A. BamH1 BamH |
-4 3.2kb -
[ o[> neo oA | Y
* +Cre
BamH | BamH
0.6 kb
-4
B D S Y

— 70kb
70kb —

— 40kb
40kb — . — 30kb
30kb —

— 20kb
2.0kb — — 16kb
1.6kb —
10kb — 10kb

neo-probe Pak -probe:

F1G. 1.  Cre-loxP-mediated recombination of ppgklxtkneoIL3 in
FLOXIL3 cells with U3Cre gene-trap integrations into expressed
genes. (A4) Predicted structure of ppgklxtkneoIL3 before and after
recombination. (B) Southern blot analysis of autonomous and parental
FLOXILS3 cells. Genomic DNAs were cleaved with BamHI, fraction-
ated on agarose gels, blotted onto nylon filters, and hybridized to a
32p-labeled neo (Left) or pgk (Right) probe as follows. Lanes: 1,
parental FLOXIL3 cells; 2-6, factor-independent FLOXIL3 clones
1-5. Molecular weights were estimated with a 1-kb ladder (BRL).
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We first determined whether FLOXIL3 cells were still
dependent on IL-3 for growth by plating 5 X 107 cells at
densities of 2 X 105/ml into semi-solid cultures without IL-3.
Because no colonies developed within 10 days (data not
shown), we concluded that neither leaky IL-3 translation nor
spontaneous recombination occurs within these cells.

To address this further, FLOXIL3 and parental FDCP1 cells
were preincubated in agar cultures without IL-3 for up to 24
hr and subsequently rescued by adding IL-3. As seen in Fig. 2,
both cell types initiated apoptosis with similar kinetics, indi-
cating that the expression of ppgklxtkneolIL3 did not alter the
cellular response to factor deprivation. Moreover, most cells
survived for more than 12 hr without IL-3, thus leaving
sufficient time for the gene-trap transduced sequences to be
expressed.

A Gene-Trap Expressing Cre (U3Cre) Converts FLOXIL3
Cells to Factor Independence. A U3Cre gene-trap vector was
derived from the Moloney murine leukemia virus-based
pGgU3Neo(en—) vector (26) by replacing the neo gene in the
U3 region with the Cre coding sequence derived from pMCCre
(17). The plasmid was transfected into helper cells and super-
natants from lines producing high titers of recombinant virus
were used to infect FLOXIL3 cells. As has been shown in
previous studies, virus replication and long terminal repeat
(LTR)-mediated duplication places the sequences inserted in
U3 just 30 nt downstream of the flanking cellular DNA. This
enables their expression from integrations into transcribed
genes (24, 26). Thus, the prediction was that FLOXIL3 cells
with U3Cre integrations in expressed genes would convert to
factor independence. To select for such events, virus infected
FLOXIL3 cells were plated into agar cultures without IL-3.
Several autonomously growing colonies were obtained and
expanded in suspension cultures. As was expected from the
expression of a recombined reporter plasmid, all clones lost
G418 resistance and proliferated extensively without IL-3
(data not shown).

To confirm recombination, genomic DNAs from five au-
tonomous clones were digested with BamHI and analyzed by
Southern blotting. Because BamHI cleaves within the 5’ ends
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F1G.2.  Survival of FLOXIL3 and FDCP1 cells in cultures without
IL-3. Cells were plated into agar cultures at concentrations of 5 X 103
per ml. After 3, 6, 12, and 24 hr of preincubation, IL-3 was added to
duplicate plates to obtain a final concentration of 10 ng/ml. Colonies
were counted after incubating for 10 days.
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of pgk and IL-3, respectively, non-recombined parental cells
generate an internal fragment of 3.2 kb that hybridizes to both
pgk- and neo-specific probes (Fig. 1). Since this fragment
accommodates all sequences flanked by loxP, including tkneo,
its deletion should be associated with a size reduction of 2.6 kb.
Indeed, all clones produced a 0.6 kb restriction fragment that
did not hybridize to neo, indicating that recombination has
taken place (Fig. 1B).

Moreover, when analyzed by Northern blotting, all clones
expressed cell-provirus fusion transcripts, suggesting that Cre
was expressed from active cellular promoters (see next section
and data not shown).

A U3Cre/FLOXIL3 Integration Library Preselected in
G418 Yields Autonomous Clones with Recombined Reporter
Plasmids. A library consisting of approximately 2 X 10°
independent proviral integrations was constructed by incubat-
ing FLOXIL3 cells with supernatant from U3Cre producer
cells at an approximate multiplicity of infection of 0.5. Because
the U3Cre vector lacks a constitutively expressed drug resis-
tance marker, virus titers were derived by multiplying the
number of factor independent colonies with the average
frequency of integrations that enable U3 gene activation of
other gene-trap vectors (26).

To enrich for integrations that are not expressed in
FLOXIL3 cells, the library was initially selected in G418. Since
U3Cre activation results in loss of tkneo, G418 was expected
to eliminate all integrations into genes that enable Cre ex-
pression to levels high enough to cause recombination. Selec-
tion was monitored by plating aliquots of the library into agar
cultures without IL-3 and counting colonies after 10 days (Fig.
3). Because preliminary experiments have shown that auton-
omous cells secrete IL-3 and thus support the proliferation of
non-recombined parental cells, all cultures contained ganci-
clovir, which was found to reduce the number of colonies
derived from parental cells by one order of magnitude (data
not shown).
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F1G.3. Selection of a U3Cre/FLOXIL3 cell integration library in
G418. FLOXILS3 cells (4 X 10°) were infected with U3Cre virus and
incubated for 16 days in suspension cultures containing 10 ng/ml IL-3
and 0.6 wg/ml active G418. At various time points aliquots were plated
in agar cultures containing 5 uM ganciclovir, but no IL-3, using 1 X
10° cells per ml. Colonies were counted after incubating for 10 days.
Colony numbers represent the total number of colonies obtained from
106 seeded cells.
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As shown in Fig. 3, colony numbers decreased progressively
in G418 reaching a plateau by day 12, suggesting that most
Cre-expressing clones had been eliminated by this time. Ac-
cordingly, surviving cells were likely to have provirus integra-
tions in transcriptionally inactive chromosomal regions (in-
cluding silent genes) or in genes expressed too weakly to cause
recombination. Therefore, a simple representation of the
preselected library was plated into agar cultures in presence of
ganciclovir.

A total of 120 autonomous colonies were recovered, and 110
were successfully expanded. Southern blot analysis of genomic
DNA digested by BamHI showed that each clone had single
and unique proviral integrations consistent with a simple
genomic representation and a multiplicity of infection of 0.5.
Since BamHI cleaves within the 5’ third of Cre (Fig. 4 Left),
each provirus generates three Cre-hybridizing fragments.
Variable bands represent sequences extending from the
BamHI sites in the LTRs to BamHI sites in the 5’ and 3’
flanking cellular DNA, respectively. The constant band derives
from the provirus and was of expected size in 108 of 110 clones,
indicating that most proviruses have not rearranged (Fig. 4
Left). When the same blots were hybridized to a pgk-specific
probe, all clones harbored recombined reporter plasmids,
suggesting that functional Cre was induced after withdrawing
IL-3 (Fig. 4 Right).

To investigate this further, Northern blots containing
mRNAs from 11 independent clones were hybridized to a
Cre-specific probe. Constitutively expressed U3Cre integra-
tions typically generate a fusion transcript of variable size
initiating in a nearby cellular promoter and terminating in the
polyadenylation site of the 5" LTR, and a “genomic” transcript
of constant size initiating in the 5" proviral LTR and termi-
nating in the polyadenylation site of the 3’ LTR (Fig. 5, lanes
5 and 6). Because U3Cre proviruses lack the viral enhancer,
genomic transcripts are only seen following the acquisition of
a cellular enhancer (24, 26). This suggests that Cre activation
could in principle occur from integrations nearby a genomic
enhancer even in absence of a cellular promoter. However, in
most cases we and others have examined, gene-trap activation
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was always associated with cell-provirus fusion transcripts
from which reporter genes are translated (this study, refs. 12,
20, 24,27, and 28, S. Nigro and H.v.M., unpublished work, and
G. Hicks and H. E. Ruley, unpublished work). Moreover,
reporter genes within 3’ LTRs are unlikely to be translated due
to multiple short open reading frames positioned between the
LTRs.

In 9 of 11 clones fusion transcripts were undetectable or
weak (Table 1, Fig. 5, lanes 1, 3, 7, 9, 11, 13, 17, 19, and 21),
indicating that Cre was only transiently expressed to levels high
enough to cause recombination. The result is consistent with
a mechanism of U3Cre repression mediated by intracellular
IL-3.

Cell-Provirus Fusion Transcripts Are Inducible by Serum
Starvation. Because all clones expressed IL-3 constitutively,
attempts to reinduce fusion transcripts by IL-3 starvation were
impractical. Instead, we reasoned that if the fusion transcripts
were initially induced as part of an apoptotic program, they
should be reinducible by an alternative apoptotic stimulus. To
test this hypothesis the cells were serum-starved for 16 hr and
then analyzed by Northern blotting. As shown in Fig. 5 (lanes
2,4,8,12,16, and 22), fusion transcripts were induced by serum
starvation in 6 of 11 clones, suggesting that the disrupted genes
are directly or indirectly associated with PCD.

Sequences Flanking U3Cre Proviruses Hybridize to Induc-
ible Cellular Transcripts. Upstream proviral sequences were
isolated by inverse PCR and sequenced. All sequences showed
typical cell DNA—provirus junctions (29) and varied in size
from 9 to 353 nt (Table 1). Extensive data base searches
(EMBL, GenBank, expressed sequence tag data base) re-
vealed no homologies to known genes or expressed sequence
tags.

Four of seven flanking sequences hybridized to unique
cellular transcripts that were induced in wild-type FDCP1 cells
by IL-3 starvation (Fig. 6). The result is consistent with
previous observations, showing that only 50-60% of the
provirus flanking regions contain sufficient exon sequence to
detect cellular transcripts (20, 26). Nevertheless, the presence
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Fic. 4.  U3Cre provirus integrations and site-specific recombination in autonomous clones isolated after IL-3 withdrawal. (Upper) Structure
of U3Cre proviruses (Left) and recombined reporter plasmids (Right). (Lower) Southern blot analysis of clones recovered from the U3Cre/
FLOXIL3 integration library following IL-3 withdrawal. Genomic DNAs from individual clones were cleaved with BamHI, processed as described
in the legend to Fig. 1, and hybridized to 3?P-labeled Cre- (Left) or pgk- (Right) specific probes as follows. Lanes: 1, 26-11-1; 2, 26-11-3; 3, 26-11-4;
4,26-11-5; 5, 26-11-6; 6, 26-11-7; 7, 26-11-8; 8, 26-12-1; 9, 26-12-2; 10, 26-12-3; 11, 26—12-4; 12, 26—12-5. The samples shown are representative

for all clones derived from the library.
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Fic. 5. Analysis of cell-provirus fusion transcripts in clones
recovered after IL-3 withdrawal. (Upper) Predicted transcripts from
U3Cre integrations into expressed genes. (Lower) Northern blot
analysis of cell-provirus fusion transcripts before and after serum
deprivation. Polyadenylated RNAs (5 ug per lane) were fractionated
on formaldehyde—agarose gels, blotted onto nylon filters, and hybrid-
ized to 32P-labeled Cre- or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)-specific probes before (odd number lanes) and after (even
number lanes) 16 hr of serum deprivation. Lanes 5 and 6, clone with
a constitutively expressed U3Cre integration. Note that exposure times
for visualizing Cre-specific transcripts were 145 times longer than
those required for GAPDH.

of hybridizing transcripts in some clones provides direct evi-
dence for U3Cre integrations into genes responsive to IL-3.

DISCUSSION

This study exploited the combined features of gene-trap
mutagenesis and site-specific recombination to identify genes
induced in apoptotic cells. Factor-dependent hematopoietic
cells expressing specific reporter constructs were infected with
retrovirus gene-trap vectors containing coding sequences for
Cre in the U3 region. Selection for factor independence
following factor withdrawal produced cell clones in which Cre
sequences in the 5 LTR of the integrated provirus were
expressed on inducible transcripts initiating in the flanking
cellular DNA. Moreover, 4 of 7 flanking sequences tested
hybridized to inducible cellular transcripts of so far unknown
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Table 1. Summary of results obtained with FLOXIL3 cell lines
and cloned flanking sequences

Provirus ~ Hybridization
FLOXIL3 Fusion flanking to cellular Transcript
clone transcripts ~ DNA, nt transcripts size, kb
26-12-1 + 150 -
26-12-2 +iS 50 ND
26-12-3 +iS 50 +ilL-3 4.4
26-12-4 - 230 -
26-12-5 - 9 ND
26-32-1 + 322
26-32-2 - 54 —ilL-3 8.4
26-32-3 +iS 104 +ilL-3 4.2
26-32-4 +iS 19 ND
26-41-2 +iS 153 ND
26-41-4 +iS 353 +ilL-3 7.5

Fusion transcripts in FLOXIL3 cell lines were analyzed on Northern
blots as described in the legend to Fig. 5. Genomic DNAs from
FLOXIL3 cell lines were digested with Msel and religated to obtain
circular molecules. After cleavage with Pvull, 1 ug of DNA from each
sample was used for PCR as described in Materials and Methods.
Amplification products were sequenced using an automatic sequencer
and hybridized to polyadenylated RNA from wild-type FDCP1 cells as
described in the legend to Fig. 6. Transcripts are labeled (+) when
present and (—) when absent. iS, inducible by serum starvation; iIL-3,
inducible by IL-3 deprivation; ND, not done.

genes. This was not unexpected since we and others have
shown that only 10% of retroviral gene-trap integrations occur
into previously characterized genes (reviewed in ref. 27).
Although this percentage may have increased with the size of
the data bases that double every 18—24 months, three consid-
erations suggest that the present strategy does not favor
recovery of integrations into known genes. First, selection was
applied for genes that are hardly active in exponentially
growing cells and therefore unlikely to be recovered by con-
ventional cDNA cloning. Second, most genes identified in this
study were expressed very weakly and therefore were likely to
be missing from cDNA libraries, which are strongly biased
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F1G. 6.  Analysis of cellular transcripts induced by IL-3 withdrawal.
Polyadenylated RNAs (5 ug/lane) extracted from FDCP1 cells after
0, 6, and 12 hr of IL-3 starvation, were processed as described in the
legend to Fig. 5 and hybridized to 32P-labeled flanking sequence or
GAPDH probes.
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toward highly expressed genes (30, 31). Third, the vectors
integrate in or near 5’ exons that are often absent from all but
full-length cDNA clones.

Several features of the strategy seem ideally suited for
isolating sequence tags from genes that are transcriptionally
regulated during PCD. First, permanent selectable marker
switching between two selectable marker genes by means of a
gene-trap expressing Cre essentially converts dying cells into
proliferating cells by activating endogenous cytokine produc-
tion. This permits selection for integrations in genes that are
active during cell death. Second, by uncoupling the expression
of the trapped cellular gene from the expression of the
selectable marker gene, the strategy allows identification of
genes that are only transiently expressed. This is important,
because cells are unlikely to express suicide genes constitu-
tively. Third, unlike cDNA cloning, the method does not
appear biased toward highly expressed genes, and gene rep-
resentation is more uniform (28). Fourth, unlike differential
reverse transcriptase-PCR amplification (32, 33), gene trap-
ping seems fairly reproducible, avoids redundancy, and allows
quantification. Finally, gene-trap proviruses are consistently
located in or near 5’ exons and have the same transcriptional
orientation relative to the gene, features which greatly facili-
tate cloning.

One hundred and twenty autonomous clones were isolated
from a library of approximately 2 X 10° independent integra-
tions, indicating that 1 in 17,000 proviruses adopted an induc-
ible cellular promoter. Although this frequency seems low, it
is consistent with the prediction that following G418 selection
most remaining U3Cre integrations are in non-transcribed
chromosomal regions and only a small fraction of these are in
transcriptionally silent genes. Assuming that 107 proviral in-
tegrations are required to saturate the genome (one integra-
tion every 300 nt to cover 3 X 10° nt, the size of the haploid
genome), a maximum of 600 genes may be induced by IL-3
withdrawal or during apoptosis. This represents 0.6% of the
estimated total number of genes (1 X 10°) and 1% of all genes
expressed at any one time (2-4 X 10%) (34). This calculation
assumes that retroviruses integrate randomly throughout most
of the genome (35-37) and possible sites of integration (38)
neither preferentially permit nor exclude U3Cre expression.
Moreover, the recorded frequency of induced events is based
on the use of exon traps and may be significantly higher with
3’ splice site-activated intron traps (reviewed in ref. 27).

Fifty percent of the analyzed fusion transcripts were also
inducible by serum starvation, suggesting that the disrupted
genes are associated with an apoptotic program or with growth
arrest. Whether these genes directly control the suicide ma-
chinery or are part of other mechanisms that are activated as
a consequence of PCD (such as DNA repair or cell cycle
progression), remains to be established. In any case, the
characterization of the cellular transcripts induced by IL-3
starvation is likely to provide further insight into the complex
molecular changes taking place during apoptosis.

Finally, although the described strategy seems unique in
terms of allowing selection of cells that are predisposed to die,
it is not restricted to the analysis of PCD and may also be useful
for recovering transcriptional targets of other signal transduc-
tion pathways.
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