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A large number of genes are known to be responsive to
ionizing radiation, and there is strong evidence for the exis-
tence of inducibleradiation resistancein mammalian cells. We
have developed a gene trap insertional mutagenesis strategy
to identify novel genesinvolved in responses to radiation. Us-
ing this approach, we have isolated four gene-trap integra-
tionsin embryonic stem cells. In three cases (9A, 3E and 9H)
the trapped genes are radiation-inducible, and in one (7D) the
gene is down-regulated. Sequence analysis of fusion tran-
scripts from three of the integrations indicate one novel gene
(3E), the mouse homologue (9A) of a known but uncharacter -
ized human gene that encodes a protein with significant ho-
mology to several GTPase-activating proteins and a murine
locus, Mym (9H). The embryonic stem cell clone with the 9A
insertion was introduced into the mouse germline, and thein
Vivo expression pattern of 9A was studied in detail. A unique,
spatially restricted pattern of expression in embryosand adult
animals was observed. Thereistissue-specificin vivo induction
of the 9A gene in adult mice by radiation. This study dem-
onstrates the potential of the gene trap approach for theiden-
tification and functional analysis of novel radiation-regulated
genes. Similar strategies may facilitate the discovery and char -
acterization of genes involved in other cellular stress
I€SPONSES.  © 2002 by Radiation Research Society

INTRODUCTION

lonizing radiation is one of the main treatment modalities
used in the management of cancer. Thus there is consider-
able interest in understanding the cellular response to DNA-
damaging agents, particularly because the ability to deliver
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a curative dose of radiation is frequently limited by the
adverse reaction of normal tissues within the radiation treat-
ment field. One approach to this problem is to understand
the molecular mechanisms underlying the radiation re-
sponses of normal tissue so that critical molecular pathways
can be manipulated to improve the therapeutic ratio and
hence the chance of cure. It is well established that cells
adapt to environmental challenges such as radiation by ac-
tivating co-regulated groups of genes that affect a variety
of cellular functions (1). DNA damage results in alteration
of the expression of mammalian genes involved in regulat-
ing progression through the cell cycle, apoptosis, DNA re-
pair and maintenance of cellular architecture [reviewed in
ref. (2)]. For example, the tumor suppressor gene, TP53,
encodes a sequence-specific DNA-binding protein that reg-
ulates expression of a number of genes including the cell
cycle inhibitor CDKN1A (also known as p21wavert) which
regulates the cyclin-CDK complexes required for progres-
sion of cells from G, to S phase.

Genes involved in determining the biological outcome
after radiation exposure often act in a tissue- and cell-spe-
cific manner (3-5). This heterogeneity of genotoxic stress
responses has recently been highlighted in a report by
Amundson et al., who studied the expression of 12 radia-
tion-regulated genes in a panel of 12 human cell lines (6).
Nine of the genes were identified as radiation-responsive
using quantitative fluorescence cDNA microarray hybrid-
ization and three were well-characterized radiation-induc-
ible genes (CDKN1A, BAX and MDM2). Responses varied
widely in cell lines that have different tissues of origin and
different genetic background. It is becoming apparent that
cell—cell and cell-matrix interactions also influence the ef-
fect of radiation in vivo (7). The biological significance of
newly identified radiation-responsive genes can therefore
be truly appreciated only when placed in the context of the
intact animal. To address this complexity, we have devel-
oped a new approach to the investigation of radiation stress
responses that has the potentia to place novel radiation-
regulated genes within their cellular context in the intact
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FIG. 1. In vitro screening strategy. The PT1 vector, which contains a promoterless lacZ gene immediately downstream of a splice acceptor (SA)
site and the neo® gene driven by the PGK-1 promoter, was introduced into R1 cells by electroporation. After selection in G418 for 8 days, resistant
colonies were picked and seeded into 96-well plates. These cultures were then expanded and replica-plated. One plate was used as the control and two
were irradiated (0.5 Gy and 4 Gy). One plate was frozen and stored at —70°C and one was used as a master. Cells in control and irradiated plates
were stained for B-gal activity 24 h after irradiation and compared to identify radiation-responsive clones.

animal. This strategy, gene trapping, allows the simulta-
neous identification, sequencing, in vivo expression analy-
sis, and phenotyping of genes of interest. Gene trapping is
an insertional mutagenesis technique in which an exoge-
nous DNA vector integrates randomly into the genome. The
vectors used in this approach typically include a splice ac-
ceptor site immediately upstream of a promoterless reporter
gene (lacZ) and the selectable neo gene driven by an au-

tonomous promoter. Reporter gene activity accurately re-
flects the activity of the endogenous gene into which the
vector has integrated (8, 9). The endogenous locus is usu-
aly (but not always) inactivated by vector integration, lead-
ing to aloss of function. When applied to totipotential em-
bryonic stem cells, the gene-trap method may be used to
generate mutant animals by introducing these cells into the
mouse germline. Thus gene trapping in embryonic stem
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TABLE 1A
Relative B-Gal Activity2 in R1 and Gene-Trap Cell Lines after Exposure to 4 Gy y Radiation

Hours after irradiation

Cdl line 0 4 6 24 48
R1 1.00 + 0.16 1.00 + 0.03 1.00 = 0.24 0.88 = 0.07 0.92 = 0.02
9A 1.00 = 0.02 1.89 + 0.21* 211 + 0.02* 2.33 + 0.25* 1.05 + 0.07
3E 1.00 = 0.15 1.25 + 0.16 1.96 + 0.45* 2.33 = 0.18* 3.52 = 0.19*
9H 1.00 = 0.13 1.79 + 0.03* 2.21 = 0.04* 1.09 + 0.02 1.53 = 0.08
7D 1.00 = 0.08 0.55 = 0.08 0.73 = 0.15 0.41 + 0.02* 1.18 = 0.06

cells provides an approach to generate novel insertional
mutations in the mouse germline (10). The large size of the
mammalian genome has necessitated the development of
additional strategies to select from amongst these insertion-
a events for those that may be of particular interest. For
example, we have previously described strategies that pre-
select in vitro for insertions into genes whose expression is
modulated by retinoic acid (11) or is limited to specific cell
types (12). In this study, we have further extended this ap-
proach to identify insertion events into genes whose ex-
pression is altered after irradiation.

METHODS
Gene-Trap Vector

The gene-trap vector PT1-ATG (henceforth referred to as PT1) contains
the En-2 splice acceptor site fused to the promoterless lacZ reporter gene
with an ATG trandational start site (13). Integration of PT1 into the intron
of a gene will result in a fusion transcript between lacZ and 5’ exons of
the trapped gene. PT1 aso contains the bacterial neomycin-resistance
gene, neo, which is driven by the PGK-1 promoter, alowing selection
with G418 for cells in which the vector has integrated successfully.

Embryonic Stem Cell Culture and Selection of Radiation-Responsive
Clones

R1 embryonic stem cells were maintained on primary embryonic fi-
broblasts as described previously (14). After electroporation and selection
in G418 for 8-10 days, resistant colonies were picked and transferred to
96-well plates (Fig. 1). These cultures were expanded and replica-plated
on five 96-well plates. One plate was used as control and two were ir-
radiated with ¥Cs v rays (dose rate, 1.14 Gy/min). The first 2,400 gene

trap clones were screened with radiation doses of 2 Gy and 6 Gy. Sub-
sequently, 0.5 Gy and 4 Gy were used. Cells in control and irradiated
plates were stained for 3-galactosidase (3-gal) activity 24 h after irradi-
ation. Stronger staining in irradiated compared to control cells indicated
radiation inducibility. Weaker staining in irradiated compared to control
cells indicated that the trapped gene was down-regulated by radiation. A
lack of alteration in staining indicated either integration into a non-radi-
ation-responsive or housekeeping gene or that the integration site was
intergenic. Even trapped genes induced rapidly after irradiation would be
expected to lead to increased B-gal activity at 24 h because B-gd is a
stable protein. One 96-well plate was frozen and stored at —70°C and
one was used as a master plate. Clones that appeared to be radiation-
responsive were trypsinized, transferred from the master plate to culture
dishes, and expanded for further study.

Reporter Gene Expression In Vitro and In Vivo

To detect B-gal activity, cell cultures were rinsed in 100 MM Na,HPO,
(pH 7.5) then fixed in 0.2% glutaraldehyde, 5 mM EGTA, 2 mM MgCl,
and 100 mM Na,HPO, for 5 min. Cells were washed three times for 5
min each in 2 mM MgCl,, 0.02% NP-40 and 100 mM NaHPO, and
stained with X-gal (5-bromo-4-chloro 3-indoyl B-galactoside) overnight
at 37°C. B-Gd activity was detected in 9A embryos and adult tissues as
described above, except that the fixative included 1.5% formal dehyde and
the embryos were fixed for 30 min and washed three times for 15 min
each. X-Gal-stained embryos and adult tissues were embedded in paraffin,
sectioned and counterstained with Nuclear Red. To investigate tissue-
specific in vivo modulation of reporter gene expression in response to
radiation, 6-week-old male mice were killed humanely 24 h after whole-
animal irradiation (4 Gy). Unirradiated animals were used as controls. X-
Gal staining of several organs (cerebellum, brain, liver, kidney, heart,
spleen, lung, skin, skeletal muscle, intestine, urinary bladder and testis)
was performed, and B-gal activity in control and irradiated tissues was
compared.

TABLE 1B
Relative B-Gal Activity2 in R1 and Gene-Trap Cell Lines 24 Hours after Exposure to y Radiation
Dose (Gy)
Cell line 0 0.5 2 4 10 15
R1 1.00 £ 0.17 1.06 = 0.10 1.08 £ 0.12 1.00 = 0.19 0.75 = 0.05 0.75 = 0.02
9A 1.00 = 0.03 1.83 = 0.08* 3.02 = 0.13* 3.20 = 0.16* 4,05 + 0.22* 2.83 = 0.20*
3E 1.00 = 0.49 1.75 = 0.53 293 £ 014 3.09 = 047 2.97 £ 0.39* 3.96 = 0.14*
9H 1.00 £ 0.07 117 = 0.11 1.34 £ 0.20 2.00 = 0.08* 250 = 0.55* 2.00 £ 0.19*
7D 1.00 = 0.10 0.35 *= 0.00* 043 = 0.10* 0.70 = 0.08 0.30 = 0.09* 0.20 + 0.08*

Notes. The numbers shown are the relative (fold) induction compared to untreated control samples. All values are presented as means + standard
errors for triplicate samples from one representative experiment. Statistical significance was determined using ANOVA and the Dunnett adjustment for

multiple comparisons.
a g B-Gal/mg total protein.
* Statistically significant (P < 0.05).
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TABLE 2
Summary of Characterization of Radiation-Responsive Gene-Trap Clones
Size of
endogenous
gene sequence lacz
obtained by expression
Response 5'RACE in vivo
Cell line to radiation (in bp) (adult tissues) Identity
9A Induced 116 Brain Human gene
Cerebellum (homology to GTPase activating proteins)
Spleen Spleen EST
Kidney Embryo EST
3E Induced 186 Unknown Mouse mammary gland ESTs
Human fetal heart EST
9H Induced 114 Unknown Mym
7D Down-regulated 20 Unknown Unknown

Quantitative B-Galactosidase Assay

Time course and dose dependence of B-gal activity in radiation-re-
sponsive gene trap cell lines was measured using a chemiluminescence
assay (15). The Glacto-Star™ luminescent B-galactosidase reporter sys-
tem Il (Tropix) was used according to the manufacturer’s instructions.
The R1 cell line was used as a control. For each cell line, 2 X 10° cells
were seeded onto 24-well plates. For time-course experiments, cells were
exposed to 4 Gy v radiation at 48, 24, 6 and 4 h before being harvested
for the B-gal assay. For dose-dependence experiments, cells were irradi-
ated with doses of 0.5, 2, 4, 10 and 15 Gy and harvested 24 h later. B-
Galactosidase activity was measured in triplicate samples for each time
or dose. Statistically significant differences between values for irradiated
samples and unirradiated controls were determined using ANOVA and
the Dunnett adjustment for multiple comparisons. An aiquot of cell lysate
was retained and used to measure protein content using the Bradford
method (Bio-Rad).

5’RACE-PCR

Total RNA was prepared from gene-trap cell lines. 5’'RACE was per-
formed using a 5’'RACE kit (Gibco/BRL) according to the manufacturer's
instructions. Superscript 1l and GT-lacZ-1 (5'-GCAAGGCGAT-
TAAGTTGGGT-3') primer were used for reverse transcription. DNA am-
plification of the RACE products was performed in two rounds in 50- .l
volumes containing PCR buffer 1l (Perkin Elmer), 1.25 mM MgCl,, 200
mM deoxynucleoside triphosphates, 200 nM of each primer, and 2.0 U
of AmpliTag DNA Polymerase (Perkin Elmer) in a DNA thermal cycler
(one cycle at 94°C for 5 min; one cycle at 80°C for 8 min; 35 cycles at
94°C for 1 min, at 60°C for 2 min and at 72°C for 3 min; one cycle at
72°C for 5 min). The second round of amplification used the same con-
ditions, nested primers, and 5 pl of the reaction product from the first
round. The primers used for DNA amplification were as follows. For the
first round, GT-lacZ-2A (5'-CCGTCGACTCTGGCGCCGCTGCTCTGT-
CAG-3') and Anchor (5'-GGCCACGCGTCGACTAGTACGGGIIGGGI-
IGGGIIG-3") (Life Technologies). For the second round, Nested 2AU (5'-
CAUCAUCAUCAUTTGTCGACCTGTTGGTCTGAAACTCAGCCT-
3’) and Universal Amplification primer (5'-CUACUACUACUAGGCCA-
CGCGTCGACTAGTAC-3') (Life Technologies). The RACE-PCR
products were digested with EcoR1/Sacl and cloned into pAMP1 plasmid
by using the CloneAmp system (Life Technologies). The cDNA inserts
were sequenced on both strands using T7 and SP6 primers. Sequences
were analyzed by comparison to the nonredundant GenBank and EST
bank of NCBI using the BLAST program.

Generation of Chimeras

The gene-trap cell lines were aggregated with CD-1 blastomeres and
transferred to foster mothers to generate male chimeras that were mated
with CD-1 female mice. Chimeras transmitted the mutation through the
germline in the case of 9A. DNA from tail biopsies of F, and F, offspring
was analyzed by Southern blot analysis (16) and hybridized to an En-2/
lacZ probe.

Northern Blot Analysis

To study the radiation dose and time dependence of 9A gene expres-
sion, total RNA was prepared from R1 cells after irradiation with doses
of 0.2 to 10 Gy and at 0.5 to 24 h after 4 Gy irradiation, according to
published methods (17). After RNA transfer, membranes were hybridized
using a 9A-specific cDNA probe (EST, AA183903 obtained from Re-
search Genetics). Membranes were rehybridized using a GAPDH cDNA
probe as a loading control. To study in vivo 9A gene expression, wild-
type (+/+) mice and mice heterozygous for the 9A insertion (9A/+)
were irradiated with a dose of 4 Gy and killed 6 h later. Unirradiated
+/+ and 9A/+ mice were used as controls. Tissues (brain, cerebellum,
liver, kidney, heart, spleen, lung, skin, skeletal muscle, intestine and tes-
tis) were removed and used to prepare total RNA for northern blot anal-
ysis. To further study 9A gene expression in the spleen, +/+ mice were
exposed to O, 2, 4 or 6 Gy vy radiation and killed at 6 h after irradiation.
Spleens were removed and used to prepare total RNA. Northern blot
analysis was performed using a 9A-specific probe.

RESULTS
Identification of Radiation-Responsive Clones

Using the screening strategy shown in Fig. 1, we
screened 6,669 G418-resistant embryonic stem cell colo-
nies for integrations of the PT1 vector into radiation-re-
sponsive genes. In brief, undifferentiated gene trap clones
were replica-plated into 96-well plates. Two plates were
exposed to ionizing radiation and one unirradiated plate
was used as a control. Twenty-four hours after irradiation,
the plates were assayed for B-gal activity and compared to
identify radiation-responsive gene-trap events. LacZ ex-
pression was observed in 791 **blue’” colonies (11.3%), and
30 clones that appeared radiation-responsive on initia
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FIG. 2. Sequence comparison of 9A (KIAA0580). Sequences were aligned using the Clustalw program; identical residues are shaded. Panel A:
Alignment of the Arf GAP domain. The accession numbers of the proteins shown in the alignment are shown in parentheses. 9A/KIAA0580
(BAA25506) is compared with KIAA0782 (BAA34502), an uncharacterized human protein encoded by a gene isolated from a brain cDNA library;
human centaurin 32 (CAB41450), residues 393-509; Gcsl, a Saccharomyces cerevisiae Arf GAP (NP-010055), residues 5-124; and rat Arfl GAP
(AAC52337), residues 1-121. The cDNAs for KIAA0580 and KIAA0782 were incomplete, and therefore residue numbers were not assigned. The
positions of conserved cysteines of the zinc finger motif are marked with dots. Panel B: Alignment of the Rho GAP domain. The accession numbers
of the proteins shown in the alignment are shown in parentheses. 9A/KIAA0580 is compared with KIAA0782; human breakpoint cluster region protein
(BCR) (P11274), residues 1064—1224; human active breakpoint cluster region protein (ABR) (Q12979), residues 657-817; human n-chimerin (P15882),
residues 153-314; human beta-chimerin (P5257), residues 287-448; and rat myosin-rhoGAP protein (Myr7) (CAA04946), residues 2140-2298. The
invariate arginine that is critical for GTPase rate enhancement (28), but which is absent in KIAA0580, is indicated by a dot.
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FIG. 3. In vivo lacZ expression in the 9A mouse strain. The 9A cell line was introduced into embryos by aggregation and germline transmission
of the mutated gene was established. In heterozygote embryos (9A/+) reporter gene expression is restricted to (panel A) the myocardium at 13.5 days
postcoitus; (panel B) primordium follicles of vibrissae (12.5 days postcoitus) (also seen in panel G); (panel C) the cornea (arrow) at 15.5 days postcoitus
(also shown in inset, panel D, at higher magnification); (panel E) the urogenital tract including ureters (black arrow) and bladder epithelium (blue
arrow) at 14.5 days postcoitus; (panel F) chondrocytes, shown here in the head of arib in a 15 days postcoitus embryo; (panel G) the epidermis
(shown in 15.5 days postcoitus embryo) with inset; (panel H) showing histological section of the tip of a digit. In tissues of adult heterozygote (9A/+)

mice, there is strong expression of lacZ in the (panel 1) Purkinje cells (arrow) of the cerebellum and low-level expression in (panel J) renal tubules
and (panel K) bladder.
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screening were expanded for further investigation. Of these,
four clones showed reproducible alteration in B-gal expres-
sion in response to radiation on repeated testing. In three
clones, lacZ expression was induced (9A, 3E and 9H), and
in one it was down-regulated (7D). All four of the trapped
genes were expressed in undifferentiated embryonic stem
cells.

Time and Dose Dependence of B-Galactosidase Activity
in Response to Radiation

The response of the gene-trap cell lines to radiation was
confirmed using a chemiluminescence quantitative B-gal
assay. For time-course experiments, cell cultures were ex-
posed to 4 Gy + radiation and harvested at several times
up to 48 h after irradiation. For dose—response experiments,
cell cultures were exposed to a range of doses (0.5 to 15
Gy) and harvested 24 h later. The results of these experi-
ments are shown in Table 1. Maximum induction of clones
9A, 3E and 9H and maximal down-regulation of clone 7D
occurred at 24, 48, 6 and 24 h after irradiation, respectively.
Clones 9A, 3E and 9H were induced and 7D was down-
regulated by a maximum of 4.1-, 4.0-, 2.5- and 0.2-fold,
respectively. Alteration in B-gal activity after irradiation
was observed at a low dose (0.5 Gy), but was greatest at
10 or 15 Gy for each clone.

I dentification of Trapped Genes

To determine the sequence of the radiation-responsive
trapped genes, we carried out 5’RACE-PCR on these
clones. The PCR products were cloned and sequenced, and
the sequences obtained were used to search public databas-
es for genes with identity or homology to the trapped genes.
The identification of the trapped genes is summarized in
Table 2. Clone 9A exhibited 86% homology to an unchar-
acterized human gene (Accession number AB011152) over
70 bases. This sequence was isolated from a human brain
cDNA library (18). The predicted human protein
(KIAA0580) contains two GTPase-activating (GAP) do-
mains; one for the ADP-ribosylation factor (Arf) family and
the other for the Rho family of GTPases (Fig. 2). The Arf
family of smal GTP-binding proteins are involved in mem-
brane traffic and hydrolysis of GTP on Arf requires GTPase-

activating proteins (19). The protein encoded by the 9A
gene contains a sequence of approximately 90 amino acids
that is similar to sequences found in Arfl GAP and GCS-1
(ayeast Arf GAP) (Fig. 2A). Within this conserved region,
thereis a zinc finger motif that is known to be essential for
GAP activity in Arf1 GAP and GCS-1. GAPs for the Rho
family of GTP-binding proteins belong to a family whose
members share significant sequence homology in a con-
served GAP domain. Rho GAPs act as downstream effec-
tors in signal transduction events and control the activities
of Rho proteins (20). 5 RACE reveded splicing of the
engrailed-2 splice acceptor of the gene trap construct to a
base equivalent to base 2207 of the published human
cDNA. Clone 9A was aso 100% homologous to two mu-
rine ESTs over al 116 bp of the endogenous gene sequence
(obtained by 5" RACE). The ESTs were isolated from
spleen and embryonic cDNA libraries (Accession numbers
AA183903 and AA545344, respectively). One of these
(AA545344) was obtained from Research Genetics. This
EST, which is 1.6 kb in length, was sequenced and shows
80% homology to the putative human homologue of the 9A
gene.

Clone 3E shows 95% identity to two murine mammary
gland ESTs (Accession numbers AA620183 and A1607237)
over 140 bp and 149 bp, respectively. Clone 3E aso
showed 90% identity to a human EST derived from a fetal
heart cDNA library (Accession number AA348215). Clone
9H corresponds to a murine locus, Mym (Accession number
AF019615). Only 20 bp of the trapped gene sequence in
clone 7D has been obtained to date. One possible expla-
nation for this is that the vector integrated at the 5’ end of
a gene and that no further sequence can be obtained using
5" RACE. Another method that may be used to clone the
endogenous gene associated with the gene-trap insertion in
this situation is inverse PCR (21).

In Vivo Expression Pattern of 9A Gene

The 9A gene-trap cell line was introduced into blasto-
meres by aggregation and germline transmission of the mu-
tated gene was established. 9A F, males and F, females
were bred to obtain F, progeny. The availability of live
homozygous animals was confirmed by test breeding for

-

FIG. 4. Induction of the 9A gene by radiation in vitro and in vivo. Panel A: To determine the dose dependence of 9A gene expression in response
to irradiation, total RNA was prepared from R1 cells 6 h after various doses (0 to 10 Gy) of radiation. The dose is indicated above each lane. After
RNA transfer, membranes were hybridized using a 9A-specific cDNA probe (EST, AA183903 obtained from Research Genetics). Membranes were
rehybridized using a GAPDH cDNA probe as a loading control. Panel B: To determine the time dependence of 9A gene expression in response to
irradiation, total RNA was prepared from R1 cells at various times (0.5 to 24 h) after 4 Gy. Time after irradiation is indicated above each lane. RNA
from unirradiated cells was used as a control and loaded in lane 1. After RNA transfer, membranes were hybridized using 9A-specific and GAPDH
cDNA probes as for panel A. Panel C: Histological sections of the spleens of (a) +/+, unirradiated; (b) +/+, irradiated, (c) (9A/+), unirradiated; and
(d) (9A/+) irradiated animals. In (€) (inset), megakaryocytes are shown at greater magnification; lacZ staining is observed (black arrow) in both control
and irradiated 9A spleens. However, induced expression is noted in cells in the red pulp and particularly in megakaryocytes (green arrow). Panel D:
+/+ mice received 0, 2, 4 or 6 Gy and were killed at 6 h. Spleens were removed and total RNA was prepared. Northern blot analysis, using a 9A
gene-specific probe, was performed. RNA transcripts complementary to the GAPDH gene are shown as loading controls. There was a 3.5-fold increase
in RNA transcripts corresponding to the 9A gene after 2 to 6 Gy of radiation.
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100% transmissibility of the 9A gene trap. Ten F, 9A male
mice were crossed with CD-1 females. Genomic DNA from
11.5 days postcoitus embryos was analyzed by Southern
blot analysis and hybridized to an En-2/lacZ probe. The
offspring of one of the 10 males tested were al +/—, in-
dicating homozygosity for the insertion in this animal,
which appeared phenotypically normal.

In embryos heterozygous for the 9A insertion (9A/+),
reporter gene expression was observed in the epidermis of
12.5 days postcoitus embryos. Staining in the skin was par-
ticularly obvious at the tips of the digits and was most
intense at 15.5 days postcoitus (Fig. 3G and H). Marked
expression was aso seen in the primordium follicles of vi-
brissae (from 12.5 days postcoitus onward) (Fig. 3B and
G), in the cornea (Fig. 3C and D), in the urogenital tract
including ureters throughout development (Fig. 3E), in the
chondrocytes (Fig. 3F) and in the myocardium (Fig. 3A).
Expression was observed in the heart at 11.5 days postcoi-
tus but was not apparent from 14.5 days postcoitus onward.
In tissues of adult 9A/+ mice, there was strong lacZ ex-
pression in the Purkinje cells of the cerebellum (Fig. 3l)
and low-level expression in renal tubules (Fig. 3J), cardiac
atria, bladder (Fig. 3K) and spleen (Fig. 4C). When tissues
of irradiated and control mice were compared, induction of
B-gal activity was observed in the spleen but not in other
organs.

Induction of the 9A Gene by Radiation In Vitro
and In Vivo

Northern analysis was used to confirm that the endoge-
nous gene in the 9A gene-trap clone was radiation-respon-
sive. The wild-type embryonic stem cell line, R1, was ir-
radiated and the RNA was harvested. A three- to fourfold
induction of 9A at the mRNA level was observed over a
dose range of 0.2 to 10 Gy of v radiation (Fig. 4A). Max-
imal induction occurred at 6 h after irradiation (Fig. 4B).
There was a rapid decrease of mMRNA levels after irradia-
tion, with a return to steady-state levels at 24 h after irra
diation. There was low-level expression of the 9A mMRNA
transcript in control, unirradiated conditions on both of the
Northern blots shown in Fig. 4A and B. The difference in
the intensity of this band on the two Northern blots was
due to minor differences in experimental conditions and to
differences in the length of exposure of the membrane to
the radiograph.

Northern blot analysis of RNA prepared from adult tis-
sues (brain, cerebellum, liver, kidney, heart, spleen, lung,
skin, skeletal muscle, intestine and testis) taken from con-
trol and irradiated +/+ mice demonstrated an 8.0-kb tran-
script after hybridization to a 9A gene-specific cDNA
probe. Six hours after whole-body irradiation (4 Gy), in-
duction of 9A gene expression was observed in the spleen
(Fig. 4C) but not in other tissues (data not shown). Reporter
gene expression was investigated in spleen taken from +/+
and 9A/+ control and irradiated animals (Fig. 4C, a-d).

Low-level B-gal activity was observed in spleen taken from
unirradiated 9A/+ mice. The pattern of staining was punc-
tate and was located mainly in the red pulp and particularly
in macrophages. Increased levels of staining were observed
after irradiation, and this was observed particularly in
megakaryocytes (Fig. 4C, €). Induction of 9A gene expres-
sion at the mRNA level in the spleen was also investigated
using northern blot analysis. 9A gene expression was ele-
vated 3.5-fold in the spleen after doses of 2, 4 and 6 Gy
(Fig. 4D).

DISCUSSION

Many mammalian genes have been implicated in radia-
tion responses (2). These genes are involved in awide spec-
trum of cellular processes including DNA repair, apoptosis,
oxidative stress responses, and growth control. The discov-
ery of radiation-inducible genes has been serendipitous in
some cases, but severa investigators have undertaken sys-
tematic searches for mammalian homologues of bacterial
and yeast genes involved in DNA repair and have used
various subtraction techniques to identify genes whose ex-
pression is selectively altered after irradiation (22, 23).
These differential hybridization methods are efficient for
genes that are highly expressed in stimulated cells, but
MRNAs of low abundance are difficult to isolate using
these approaches. Subtraction hybridization improves the
chances of cloning rare cODNAS; using this strategy and UV
radiation as a selecting agent, Fornace et al. identified the
GADD genes (24). Seriad analysis of gene expression
(SAGE) compares expression between two mRNA popu-
lations and allows quantitative and simultaneous analysis
of alarge number of transcripts (25). It has been used to
identify genes whose expression is increased in the pres-
ence of functional TP53 (26). Recently gene array tech-
nology has been used as a new approach to isolate radia-
tion-responsive genes (6). Although al these methods fa-
cilitate the identification of differentially expressed genes,
they do not simultaneously introduce mutations into the
genes of interest or alow for introduction of tagged genes
into the mouse germline to study expression and phenotype
in vivo.

The strategy of gene trapping is a powerful technique
that simultaneoudly integrates gene identification and se-
quence analysis with expression and function into one pro-
cess. Thus gene trapping allows the study of gene regula-
tion and gene function within the context of a live animal.
We are aware of one other report of the use of gene trapping
to identify genes regulated by genotoxic stress (27). Fibro-
blasts containing gene-trap integrations were stained with
the fluorescent substrate of B-gal, fluorescein-di3-p-galac-
topyranoside, and analyzed by fluorescence-activated cell
sorting (FACS). LacZ-positive clones were discarded be-
cause the trapped genes were regarded as constitutively ex-
pressed. LacZ-negative cells were replica-plated and ex-
posed to UV or ionizing radiation. Three clones that ap-
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peared to show induced B-gal activity after UV irradiation
were analyzed further, but in two, B-gal activity seemed to
be only dlightly increased. In the third, athreefold induction
by UV radiation was observed, and the endogenous gene
seguence obtained using 5’RACE was novel. The FACS
approach allowed a high-throughput screen of over 30,000
gene-trap clones, and one that was selected for further anal-
ysis showed reproducible and significant induction after ge-
notoxic stress. However, because fibroblasts were used, this
method does not allow introduction of tagged genes into
the mouse germline to study expression and phenotype in
vivo and during embryological development. In our study,
we have applied the functional genomics approach of gene
trapping in embryonic stem cells to isolate genes whose
expression is altered after irradiation. Using this approach,
we identified 4 embryonic stem cell clones out of nearly
7,000 analyzed that contained insertions of the gene-trap
vector into genes whose expression is altered, at least in
vitro, in response to irradiation. In one case, regulation by
radiation has been demonstrated in vivo.

One of the radiation-responsive genes that we have iden-
tified is novel (3E), one corresponds to an uncharacterized
human gene (9A), and for one (7D) we have insufficient
sequence data so far for a valid comparison with known
sequences. The gene-trap clone, 9H, has been identified as
Mym, which was originally isolated in a previous gene-trap
screen (11).

In the case of gene-trap cell line 9A, germline transmis-
sion has been achieved, and a specific restricted pattern of
reporter gene activity has been demonstrated in embryos
and adult mice. The level of 9A MRNA rises rapidly after
exposure to radiation, with a peak at 6 h, and declines to
control levels by 24 h after treatment. The kinetics of in-
duction of 9A follows the pattern of the rapid response
typical of many stress-induced immediate-early genes. By
analogy, and given that the human homologue of 9A shows
significant similarity to GTPase-activating proteins (GAP),
we speculate that 9A may participate in a radiation-induced
signaling pathway. However, the putative protein encoded
by the human homologue of the 9A gene does not contain
an invariant arginine residue in the Rho GAP domain that
is a critical element for GTPase rate enhancement (28).
Whether the protein encoded by 9A is a true Rho GAP
therefore remains to be determined. Induction of 9A ex-
pression was observed in the spleen after irradiation in vivo.
Thisisthe first demonstration of in vivo modulation of gene
expression by an agent used to select the genein an in vitro
gene-trap screen. Within the spleen, expression of 9A was
clearly evident in macrophages and megakaryocytes. Ex-
pression of 9A was aso observed in a variety of other
organs but appeared constitutive, with no apparent alter-
ation in steady-state levels after irradiation. These findings
emphasize the tissue-specific and cell lineage-specific na-
ture of radiation-inducible genetic responses. We have dem-
onstrated the feasibility of using the gene trap approach to

identify, analyze in vitro and in vivo, and mutate genes that
are regulated by radiation.

Note added in proof: 9A is now referred to as PARX (PH/
ArfGAP/RhoGAP/X-ray inducible protein; Accession no.
AF439781).
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