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Transforming growth factor b (TGF-b) plays important roles in the regulation of proliferation, differenti-
ation, apoptosis, and carcinogenesis. To identify genes responsible for maintaining the phenotype induced by
TGF-b, we performed a retrovirus-mediated gene trap screening designed to isolate TGF-b-responsive genes
in human lung carcinoma cell line A549. After screening 249 trap lines, 21 were found to express the reporter
b-galactosidase gene in a TGF-b-responsive manner. Interestingly, in large proportions of these trap lines, the
reporter gene was responsive also to phorbol ester and was suppressed by gamma interferon. Fragments of all
these trapped genes were recovered by 5*- and 3*-rapid amplification of cDNA ends (RACE), and in 15 out of
21 cases (71%), the TGF-b responsiveness of the endogenous genes was confirmed by RNA blot hybridization.
In at least five cases, the TGF-b-induced upregulation was found to be cycloheximide resistant, suggesting the
roles of the genes in the TGF-b-induced primary responses. Sequence analyses revealed that 43% (9 of 21) of
the trapped genes were novel and that the remainder included genes previously reported to be upregulated by
TGF-b, such as epidermal growth factor receptor and b1 integrin, documenting the validity of this approach.
Other known genes include the ones encoding the proteins associated with cell proliferation (ribosomal
proteins S15a, hNRP/NAP-1, and lipocortin II), focal adhesions (paxillin), and transcriptional regulation
(thyroid hormone receptor activator molecule 1 [TRAM-1]).

Transforming growth factor b (TGF-b) represents a large
family of secreted polypeptides playing important roles in the
regulation of various cellular responses (34). The prototype
member, TGF-b1, is of particular importance in cancer re-
search, since it inhibits the growth of certain types of cells in
vitro (32, 38), and since mutational inactivation of its signaling
molecules is found in human tumors (17, 34). Recent studies
have revealed the nature of a TGF-b signaling pathway where
SMAD family proteins play central roles in transmitting a
signal from the receptor serine/threonine kinase at the cell
surface directly to the nuclear transcription machinery (21, 34,
52). The TGF-b signal induces the expression of several inhib-
itors for cyclin-dependent kinases, such as p21Cip1, p15Ink4B,
and p27Kip1, which have previously been proposed as media-
tors for TGF-b-induced growth inhibition (7, 18, 37). It is
therefore likely that other important factors for TGF-b func-
tions can also be found among the genes transcriptionally reg-
ulated by the TGF-b signal.

The study of differentially expressed genes has been one of
the most promising approaches to identifying genes important
for growth, differentiation, and development. Recent technical
advances and improvements are accelerating the analysis of
gene expression profiles at the transcript level. These methods
include suppression subtractive hybridization (9), differential
display (23, 30), comparative expressed sequence tag analysis
(29, 50), serial analysis of gene expression (51), and DNA
microarrays (42). One drawback to these methods, however, is

that since they use mRNA as a starting material, they tend to
preferentially detect abundantly expressed genes.

In this study, we have employed a supplementary approach
to screen and identify genes responsive to various external
stimuli in cultured cells. Our method is based on a “gene trap”
initially designed for random insertional mutagenesis in mouse
embryonic stem cells and uses a retroviral vector to introduce
a promoterless reporter gene into the host chromosomes (12,
13, 16). Retroviral DNA is known to integrate into numerous
sites in the host chromosomes with no obvious sequence spec-
ificity, although transcriptionally active regions may be pre-
ferred targets for integration (43). The reporter gene of this
vector can only be expressed if it inserts within an intron, an
exon, or a promoter of a transcriptionally active gene in the
right orientation. This allows one to select for the cells (trap
line) in which the insertion has occurred and to obtain the
sequences of the trapped genes useful for gene identification as
well as subsequent cloning. Furthermore, the responses of the
trapped genes to various factors can be readily examined by
staining the trap lines with X-Gal (5-bromo-4-chloro-3-indolyl-
b-D-galactopyranoside) after exposure to these factors. Such
examination may provide important information not only on
the behavior of the trapped genes themselves but also on the
interactions between the signals evoked by these factors.

Several groups have previously used the gene trap to identify
genes whose expression was either induced or suppressed dur-
ing cellular differentiation (11, 26), oncogenic transformation
(2), and apoptosis (39). By modifying the reporter/selection
marker system, we adapted this method so as to be suitable for
rapid screening of differentially expressed genes in cultured
cells. Our initial attempt to apply this method to the screening
of genes upregulated by TGF-b led to the identification of a
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series of interesting genes, including several novel genes, and
has demonstrated the feasibility and efficacy of this approach.

MATERIALS AND METHODS

Cell culture. The A549 human lung adenocarcinoma cell line (15) (obtained
from the American Type Culture Collection) was maintained in Dulbecco mod-
ified Eagle medium supplemented with 5% fetal calf serum, penicillin (100
U/ml), and streptomycin (100 mg/ml) (growth medium [GM]). Additional me-
dium factors and their concentrations were as follows: 5 ng of recombinant
human epidermal growth factor (EGF; Toyobo)/ml, 5 ng of recombinant human
platelet-derived growth factor (PDGF) AB heterodimer (R & D Systems)/ml, 5
ng of recombinant human insulin-like growth factor (IGF-1; Roche Diagnostics)/
ml, 1 to 2.5 ng of recombinant human transforming growth factor b1 (TGF-b1;
R & D Systems)/ml, 200 IU of recombinant human gamma interferon (IFN-g);
Roche Diagnostics)/ml, 10 mM T3 (Sigma), 10 ng of phorbol 12-myristate 13-
acetate (PMA; Sigma)/ml, and 0.1 mM 6N,29-O-dibutyryladenosine 39:59-cyclic
monophosphate (dbcAMP; Sigma).

Vector construction and virus preparation. pROSA-nGBT plasmid was con-
structed by modifying pROSAb-geo (12). First, the 59 HindIII-BamHI fragment
corresponding to the b-galactosidase (b-Gal) portion of b-geo was replaced with
the nuclear localization signal (NLS) of simian virus 40 large T antigen (3) using
synthetic oligonucleotides. Second, the BamHI-XbaI fragment corresponding to
the neo coding sequences of b-geo was replaced with a herpes simplex virus
(HSV) thymidine kinase (TK) gene fragment (1). Third, a DNA fragment en-
coding blasticidin-S (BLA-S) deaminase (24) was amplified by PCR using
pUCSV-BSD plasmid (Kaken) as a template and inserted into the BamHI site
located between the b-Gal and HSV TK gene sequences. The ends of each
fragment were designed so that the final construct, designated nGBT, encoded a
contiguous fusion protein. Finally, the nGBT gene was inserted between the
HindIII and XbaI sites of the original pROSAb-geo vector, resulting in the
replacement of b-geo with nGBT. pROSA-nGBT DNA was transfected into an
amphotropic packaging host (GP1envAm12) (33), and freshly harvested culture
supernatant was used as the ROSA-nGBT virus preparation.

Gene trap screening. In the first experiment, A549 cells (106 cells in 10
60-mm-diameter dishes) were infected with ROSA-nGBT virus and after 48 h
were treated with TGF-b1 (2.5 ng/ml) for 14 h and then with TGF-b1 plus
BLA-S (8 mg/ml) for 7 days. The BLA-S-resistant colonies were trypsinized,
pooled, and plated (splitting ratio, 1:10) into new dishes with GM. After a 5-day
incubation, the cells were treated with ganciclovir (GCV) (0.2 mM; Roche) for 5
days. In the second experiment, a total of 2.6 3 106 A549 cells (2 3 105 cells per
100-mm-diameter dish) were infected with ROSA-nGBT virus. TGF-b1 was
added 3 days later, and BLA-S (2 mg/ml) was added on the following day. The
selection medium was renewed once every 3 to 4 days. Colonies that survived
these treatments were isolated and expanded, and their aliquots were plated in
duplicate onto 24-well plates (one well without TGF-b and the other with
TGF-b). After 48 h of incubation, the cells were stained with X-Gal (see below).
Trap lines that stained deeper in the presence of TGF-b1 than in its absence
were subjected to further analyses.

cDNA isolation. 59-Rapid amplification of cDNA ends (59-RACE) and 39-
RACE were performed following the protocols of Parry and Alphey (36) with
slight modifications. Briefly, for 59-RACE, total RNA was isolated using Mag-
Extractor (Toyobo) from a trap line grown to subconfluence on a 60-mm-
diameter dish. The negative-strand cDNA that contained the vector sequence
was selectively reverse transcribed from the RNA sample using Revertra-Ace
(Toyobo) and a b-Gal-specific primer (Gal-rev: 59-CAA CCA CCG CAC GAT
AGA GAT TC-39). The reaction products were treated with RNase H and
purified using a QiaQuick PCR purification kit (Qiagen). A deoxyribosyladenine
tail was added using terminal deoxynucleotidyl transferase, and the reaction
products were amplified by nested PCR. The first PCR (30 cycles) was performed
in the presence of 10% dimethyl sulfoxide (DMSO) with the forward tail-
anchored primer UNIZAP-dT (59-GAG AGA GAG AGA GAG AGA GAA
CTA GTC TCG AGT TTT TTT TTT TTT TTT TT-39) and the NLS-based
reverse primer NLS-3S (59-GAT CAA CCT TCC TCT TCT TCT TAG-39). The
second PCR (30 cycles) was performed in the absence of DMSO with the same
forward primer, UNIZAP-dT, and the splice acceptor-based reverse primer
SA-REV (59-TCG ATC CCC ACT GGA AAG ACC GCG A-39). For 39-RACE,
poly(A)1 RNA was isolated from total RNA of untreated A549 cells using an
oligo(dT) cellulose column and reverse transcribed with semirandom primers
(WALK-A [59-GTA ATA CGA CTC ACT ATA GGG CAC GCG TGG NNN
GTS AC-39] or WALK-B [59-GTA ATA CGA CTC ACT ATA GGG CAC GCG
TGG NNN GAW TC-39]). The first PCR (30 cycles) was performed using a
forward primer specific to each gene (gene-specific primer 1) and arbitrary
reverse primer AP-1 (59-GTA ATA CGA CTC ACT ATA GGG C-39). The
second PCR (30 cycles) was performed using another forward primer corre-
sponding to a downstream sequence of the gene (gene-specific primer 2) and
reverse primer AP-2S (59-ACT ATA GGG CAC GCG TGG T-39). Amplified
fragments of both 39- and 59-RACE were subcloned into pBluescript II SK(2)
and sequenced using DyeTerminator Bigdye (ABI). Standard protocols (40)
were used for general techniques in DNA manipulation and nucleic acid analy-
ses.

RNA blot hybridization. A549 cells were cultured in GM, GM containing 2.5
ng of TGF-b/ml, or GM containing 2.5 ng of TGF-b and 10 mg of cycloheximide
(CHX)/ml for 48 h, and their total RNA was extracted by the guanidinium-
cesium chloride method as described previously (40). The RNA (20 mg) was
subjected to electrophoresis in a 1% agarose gel containing formaldehyde and
transferred to a Hybond-N (Amersham) nylon filter using 203 SSC (13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate). The resulting filter was hybridized
with each of the following probes: 59-RACE products for A4 (800 bp), A21 (450
bp), A82 (100 bp), and A143 (140 bp); 39-RACE products for A26 (1.7 kb), A70
(1.4 kb), A161 (420 bp), A162 (370 bp), and A164 (210 bp); reverse transcription-
PCR products containing coding regions for A80 (1.3 kb), A96 (280 bp), A89
(700 bp), A100 (1 kb), A114 (1.2 kb), A116 (1.4 kb), A126 (290 bp), A152 (1.2
kb), and A153 (340 bp); an 850-bp fragment containing the full coding region of
A83; a 1.4-kb fragment containing the pyruvate kinase coding region (35) for
A14; and a 2.4-kb fragment containing the 59 coding region of thyroid hormone
receptor activator molecule 1 (TRAM-1) cDNA (46) for A88. All the probes
were labeled with [a-32P]dCTP using Ready-To-Go DNA-labeling beads (Am-
ersham), followed by purification using MicroSpin columns (Amersham).

b-Gal assay and X-Gal staining. Cells (105/well) were seeded onto six-well
plates in duplicate, and on the following day TGF-b (1 ng/ml) was added to one
of a pair. The cells were further cultured for 48 h, trypsinized, counted, and lysed
with 13 reporter lysis buffer (Promega) to yield the lysates with the same cell
concentration (106 cells/ml). The lysates (100 ml) were subjected to the colori-
metric enzyme assay in triplicate using the b-Gal enzyme assay system (Pro-
mega). The experiments were repeated at least three times. To examine the
response of trapped genes to various other agents (Fig. 3, Table 1), cells (104/
well) were seeded onto a 24-well-plate, and on the following day, appropriate
growth factors and/or chemicals were added. After 48 h of incubation, the cells
were fixed and treated with an X-Gal staining solution (5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 1 mM MgCl2, 0.04% X-Gal) at 37°C for
24 h (41). The experiments were repeated twice with similar results.

RESULTS

Construction of gene trap vector. To facilitate screening for
differentially expressed genes in cultured cells, we constructed
a gene trap vector carrying a newly developed reporter gene,
nGBT, next to the splice acceptor site in the self-inactivating
retroviral vector pROSAb-geo (12). The nGBT gene encodes
a fusion protein consisting of four parts: NLS, b-Gal, BLA-S
deaminase, and HSV TK (Fig. 1). When ROSA-nGBT virus
infects the cells and the vector integrates into an active tran-
scriptional unit of the host genome in the appropriate orien-
tation, a chimeric transcript containing a 59 segment of the host
gene (trapped gene) spliced into the splice acceptor sequence
located at 59 end of the nGBT reporter gene will be expressed
(Fig. 1). Such cell clones (trap lines) will become resistant to
BLA-S and sensitive to GCV. The expression profile of the
trapped gene can be monitored using b-Gal activity.

Isolation of gene trap cell lines responsive to TGF-b. To
detect the genes persistently upregulated in response to

FIG. 1. Gene trap strategy with ROSA-nGBT vector. In the cells infected
with this virus, the integrated proviral DNA became transcriptionally silent. The
nGBT reporter gene lacks its own promoter but is preceded by a strong splice
acceptor sequence. When the viral DNA is integrated in an active transcriptional
unit in the host genome, the nGBT gene can be transcribed as a part of the
chimeric mRNA whose 59 portion is derived from the host transcript. SA, splice
acceptor.
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TGF-b, we infected human lung carcinoma cell line A549 with
ROSA-nGBT virus and selected the cells with BLA-S in the
presence of TGF-b for a week. TGF-b is known to suppress
the anchorage-independent growth of A549 cells (38). We
observed that in the presence of 1 ng of TGF-b1/ml the rate of
their anchorage-dependent growth was also decreased to one-
third that of their untreated counterparts and that their mor-
phology became flatter (data not shown). In the first experi-
ment, to eliminate the trap lines constitutively expressing a
high level of reporter gene, counter-selection with GCV in the
absence of TGF-b was performed. A total of 117 trap lines
were obtained after these selections, and the induction of the
reporter expression was examined by X-Gal staining in the
presence or absence of TGF-b. Thirteen trap lines (lines A4 to
A114) were stained deeper in the presence of TGF-b and
isolated for further analysis. We found that the majority of trap
lines expressed the reporter gene at certain levels without
TGF-b treatment (Fig. 2; see below) and that GCV damaged
the cells at the concentration we used (0.2 mM). Therefore in
the second experiment, the GCV selection was omitted, and
out of 132 BLA-S-resistant clones, eight additional trap lines
(A116, A126, A143, A152, A153, A161, A162, and A164)
showing TGF-b responsiveness were isolated for further anal-
ysis. To estimate the extent of reporter gene induction, we
performed a quantitative b-Gal assay with each trap line incu-
bated in the presence and absence of TGF-b. The induction
index (b-Gal activity for TGF-b-treated cells divided by b-Gal
activity for untreated cells) was found to range from 1.62 to
6.34 (Fig. 2).

Response of reporter gene in the trap lines to other agents.
Southern blot analysis indicated that each of the trap lines
isolated under these conditions contained a single copy of
integrated vector DNA (data not shown). The behavior of the
reporter gene in a trap line must therefore reflect the nature of

a trapped promoter, which can be readily monitored by X-Gal
assay. Taking advantage of this readiness, we attempted to
classify these trap lines based on the spectra of their responses
to various stimuli applied alone or in conjunction with TGF-b.
An example of such experiments is shown in Fig. 3. The results
with some of the trap lines (Table 1) revealed several interest-
ing patterns. First, a majority of the trap lines tested (11 of 14)
also responded to a phorbol ester, PMA. Second, IFN-g sup-
pressed the TGF-b-induced reporter expression in many trap
lines (12 of 14). Third, neither induction nor suppression of the
reporter gene was detected after treatment with EGF, IGF-1,
PDGF, a cyclic AMP analogue (dbcAMP), or thyroid hormone
(tri-iodo-L-thyronine; T3) in these trap lines. A slight induction
of the reporter gene was observed in A80 when treated with
dbcAMP in the presence of TGF-b.

Response of endogenous genes to TGF-b in A549 cells. Since
the b-Gal assay and X-Gal staining evaluate the expression
levels of the reporter protein in the context of the integrated
proviral DNA, they may not exactly reflect the behavior of the
corresponding endogenous genes. We therefore analyzed the
response of the endogenous mRNA to TGF-b in the parental
A549 cells by RNA blot hybridization using the cDNA frag-
ment of each trapped gene (see Materials and Methods) as a
probe (Fig. 4). Strong upregulation by TGF-b was detected in
five cases (A4, A21, A26, A116, and A162), and weak but
significant upregulation was detected in seven cases (A70, A96,
A100, A114, A126, A152, and A161). More than one band was
detected with the A100 and A114 probes, and the upper band
and all three bands, respectively, seem to be responsive to
TGF-b. A slight but reproducible upregulation was also de-
tected with the A83 probe. On the other hand, no clear up-
regulation was observed in four cases (A14, A80, A152, and
A164), and no hybridization bands were detected in two cases
(A89 and A143). Taking all the data together, upregulation by

FIG. 2. Quantitative analysis of the reporter gene activities in trap lines. Each trap line was cultured in the presence (TGF-b) or absence (None) of TGF-b1 for
48 h, and b-Gal activities in the cell lysates were determined. Each bar represents the average activity and the standard error from triplicate cultures. The experiments
were repeated at least three times, and the data from a typical experiment are presented. The induction index (activity of TGF-b-treated cells divided by activity of
untreated cells) is shown at the bottom. Parental A549 cells and R3, a trap line whose X-Gal staining pattern was found to be unaffected by TGF-b, were included as
controls. The P value for each pair of data (Student’s t test) was at most 2 3 1024 (i.e., significant difference).
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TGF-b was confirmed by RNA blot hybridization in 15 out of
21 cases (71%).

To examine whether these genes are direct targets for
TGF-b or not, we compared the response of these genes to
TGF-b in the presence or absence of CHX, an inhibitor of de
novo protein synthesis (Fig. 4). In most cases (A14, A21, A26,
A80, A96, A100, A116, A153, and A161), their transcripts
further increased with CHX treatment, and in some cases
(A70, A82, A88, A114, A162, and A164) their transcripts de-
creased. The levels of expression of the rest (A4, A83, A126,
and A152) were not altered by CHX treatment (summarized in
Table 2).

Sequence analysis of the trapped genes. To identify the
trapped genes, the cellular sequences contained in the chi-
meric transcripts expressed in the trap lines were analyzed by
59-RACE. The 59-RACE products, ranging from 50 to 500 bp
in length (average, 100 bp), were sequenced, and the data were
compared to GenBank and SwissProt databases using the
BLASTN or BLASTX algorithm, respectively, to search for
sequence similarities. In 12 cases, identical sequences were
detected in the databases at this stage (Table 2; genes with
accession numbers). For the remaining cases, 39-RACE with
RNA from TGF-b-treated A549 cells was performed to ana-

lyze sequences of the trapped genes further downstream. The
lengths of the 39-RACE products ranged from 200 to 2,000 bp
(average, 400 bp). No additional identical sequences were de-
tected in the databases at this stage. The known genes whose
upregulation was confirmed by RNA blot hybridization include
two previously described TGF-b-responsive genes, EGF recep-
tor (47) and b1-integrin (19). TGF-b regulation has not been
described for the other genes. The known TGF-b-responsive
genes can be roughly classified into three categories based on
the properties of their products: (i) growth-associated proteins
(EGF receptor, ribosomal protein S15a, hnRNP-K/tump,
hNRP/NAP-1, lipocortin II), (ii) focal adhesion-associated
proteins (paxillin, b1-integrin), and (iii) thyroid hormone re-
ceptor coactivator (TRAM-1) (Table 2). The insertional events
in 10 out of 12 known genes have occurred in the 59-noncoding
region and in the other two cases near the 59 end within the
coding region (data not shown).

DISCUSSION

In this study, we have attempted to apply a retrovirus-me-
diated gene trap strategy to identify genes responsive to
TGF-b. In this first trial, we could identify 15 genes whose

FIG. 3. Response of the A116 trap line to various agents. A114 cells were incubated in medium containing the indicated growth factors and/or chemicals for 48 h
and were stained with X-Gal.

TABLE 1. Responses of the reporter genes in the trap lines to various agents

Trap line

Relative intensity of staininga with indicated agentb in:

Absence of TGF-b Presence of TGF-b

EGF IFN-g PMA PDGF IGF-1 dbcAMP T3 No agent EGF IFN-g PMA PDGF IGF-1 dbcAMP T3

A14 2 2c 1 2 2 2 2 1 1 2 11 1 1 1 1
A80 2 2c 1 2 2 2 2 1 1 2 11 1 1 11 1
A82 2 2 1 2 2 2 2 1 1 1 11 1 1 1 1
A96 2 2 1 2 2 2 2 1 1 2 11 1 1 1 1
A100 2 2c 1 2 2 2 2 1 1 1 11 1 1 1 1
A114 2 2 1 2 2 2 2 1 1 2 1 1 1 1 1
A116 2 2c 1 2 2 2 2 1 1 2 1 1 1 1 1
A126 2 2c 2 2 2 2 2 1 1 2 1 1 1 1 1
A143 2 2c 2 2 2 2 2 1 1 2 1 1 1 1 1
A152 2 2c 1 2 2 2 2 1 1 2 1 1 1 1 1
A153 2 2c 1 2 2 2 2 1 1 2 1 1 1 1 1
A161 2 2c 1 2 2 2 2 1 1 2 1 1 1 1 1
A162 2 2c 1 2 2 2 2 1 1 2 11 1 1 1 1
A164 2 2c 2 2 2 2 2 1 1 2 1 1 1 1 1

a Relative intensity of staining is indicted qualitatively as follows: 2, same as background; 1, thicker than background; 11, thicker than TGF-b-treated sample.
b Concentrations: EGF, PDGF, IGF-1, 5 ng/ml; IFN-g, 200 U/ml; PMA, 10 ng/ml; dbcAMP, 0.1 mM; T3, 1 mM; TGF-b1, 1 ng/ml.
c Reduction in background staining was observed.
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transcripts were upregulated after TGF-b treatment. Two of
these genes, the EGF receptor and b1-integrin genes, have
previously been reported to be upregulated by TGF-b (19, 47),
seven others are known genes not previously noticed to be
responsive to TGF-b, and the remainder (six genes) are either
novel or cloned but poorly characterized. Although the initial
screening by X-Gal staining yielded 6 additional trap lines
whose reporter activities were responsive to TGF-b, we failed
to detect the upregulation of the corresponding endogenous
genes in parental A549 cells after TGF-b treatment by RNA
blot hybridization (6 out of 21 lines; 29%). Even among the
genes whose differential expression was confirmed by RNA
blot hybridization, the induction of b-Gal activity in trap lines
and the induction of mRNA in A549 cells were not always
proportional (compare Fig. 2 and 4; qualitatively summarized
in Table 2). Since most trap lines have retroviral insertions at
or near the 59 ends of target genes, the reporter gene expres-
sion should reflect the upstream promoter activity but not the
effects of internal regulatory elements or mRNA stability of
the target genes. This may be a reason for the discrepancy
between b-Gal data and RNA blot data. Nevertheless, the 71%

(15 of 21) success rate would justify further application of the
present approach as a first screening for differentially ex-
pressed genes in cultured cells. Furthermore, we could isolate
novel genes at a very high frequency (9 of 21; 43%), suggesting
that our approach can detect a gene population rarely recog-
nized by the other common methods to isolate cDNA. Since
this method targets chromosomal DNA, the influence of
mRNA abundance on the repertoire of the genes identified is
expected to be minimum. In addition, the selection drug em-
ployed in this study (BLA-S) has several advantages over other
commonly used drugs such as G418. BLA-S can rapidly kill
many types of cells at relatively low concentrations (less than 1
mg/ml) even at high cell densities. Thus low-level expression of
the marker gene (bsd) can confer clear-cut resistance to the
cells. We could therefore minimize the bias due to the enrich-
ment of the cells expressing relatively high levels of marker
genes during the initial drug selection step.

One important advantage of this approach is that we obtain
trap lines before isolating trapped genes. Information on the
response of the reporter gene to various stimuli helps to clas-
sify the trap lines and to decide which lines should be further
characterized. Trap lines themselves may also be useful in
finding interactions between different signaling pathways. For
instance, a majority of the trap lines tested in this study (11 of
14) responded to a phorbol ester, PMA (Table 1). This seems
consistent with the recent finding by Zhang et al. (53) that a
Smad3–Smad4 complex can activate a tetradecanoyl phorbol
acetate (another phorbol ester similar to PMA)-responsive
element (TRE) directly or in conjunction with c-Fos and c-Jun.
Thus, it will be interesting to see whether the associated genes
have TRE in their promoters and to examine whether these
genes are indeed regulated directly by these signals. As an-
other example, IFN-g was found to suppress the TGF-b-in-
duced reporter expression in many trap lines (12 of 14). This is
also consistent with the recent finding by Ulloa et al. (49) that
IFN-g induces the expression of an antagonistic SMAD
(Smad7) thereby inhibiting receptor-mediated Smad3 phos-
phorylation, a triggering event in SMAD-mediated signal
transduction. Thus, studies with a panel of trap lines and var-
ious reagents or stimuli may help in finding novel interactions
between apparently independent signaling pathways.

Another important advantage of this approach is its reliabil-
ity in identifying trapped genes. In this experiment, we could
obtain 59-RACE products from all the trap lines isolated and
could eventually isolate full coding sequences of some of the
novel genes by 39-RACE (Akiyama et al., unpublished data);
39-RACE was effective enough to clone a cDNA of up to 2 kb,
which was sufficient for recovering the coding regions of rela-
tively small genes. For confirmation of their sequences, we also
screened some commercially available phage cDNA libraries
(human placenta and testis) with radiolabeled 39-RACE prod-
ucts (more than 1.4 kb in length) as probes. In most cases, the
frequencies of hybridization-positive clones were less than
1025, indicating low expression of these genes in placenta and
testis. Importantly, the cDNA fragments initially isolated by
59-RACE usually correspond to the 59-terminal regions of the
trapped genes. This is in contrast to the other methods de-
signed to detect differential gene expression, which often target
the 39 ends of mRNAs, a region suitable for gene identification
because of the sequence diversity even among members of the
same gene family. Although 59-noncoding sequences should
serve the same purpose, one drawback at the moment is that
the sequence information for this region is often lacking in the
database because of a technical reason: isolation of this region
has been relatively difficult by the classical procedures for
cDNA synthesis. The gene trap approach is expected to enrich

FIG. 4. Northern blot analysis of the endogenous transcripts. Endogenous
transcripts corresponding to the trapped genes were detected by Northern blot
analysis with total RNA from parental A549 cells cultured in either GM, 2.5-
ng/ml TGF-b, or 2.5-ng/ml TGF-b plus 10-mg/ml CHX for 48 h. Probes used are
described in Materials and Methods. For the estimation of the quality and
quantity of RNA samples, ethidium bromide-stained RNA on the blot is shown
in the lower portion of each panel.
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such information and also facilitate the analysis of the pro-
moter regions of the trapped genes.

The regulation of trapped genes was first screened by X-Gal
staining, then examined quantitatively by b-Gal assay, and
finally confirmed by RNA blot hybridization. The b-Gal assay
was sensitive enough to detect a difference of expression as
small as 1.6-fold (Fig. 2), although the biological significance of
such small changes remains to be clarified. Since the present
format of the gene trap approach relies on the initial drug
selection of trap lines, which usually takes several hours to
days, the genes upregulated only transiently after application
of a signal probably escape the screening. The genes isolated
by this approach would therefore represent genes whose ex-
pression is persistently altered, directly or indirectly, by the
signal. We found that in some cases analysis of the effects of
CHX by RNA blot hybridization may clarify this point. For
instance, CHX had little influence on the TGF-b responsive-
ness of some of the genes identified in this study (e.g., A4, A83,
A126, and A152), suggesting that the response of these genes
did not require de novo protein synthesis and that therefore
the genes may represent the primary targets for the TGF-b
signal. In contrast, CHX seems to cancel the upregulating
effects of TGF-b on some other genes, such as A82 and A114,
suggesting that they may not be the primary targets. In some
other cases (A70, A88, A162, and A164), however, CHX re-
duced the amounts of mRNA to levels well below those in the
naive A549 cells (no addition of TGF-b), suggesting that these
genes require some CHX-sensitive component(s) to maintain

their basal activity or mRNA stability. Yet in some other cases
(A26, A96, and A161), CHX increased the amounts of mRNA
to levels significantly higher than those in the TGF-b-treated
cells, suggesting the involvement of either CHX-sensitive neg-
ative regulators (which may or may not be specific to TGF-b
signaling) or CHX-induced positive regulators. For the last two
groups of genes, the effects of TGF-b may be masked by the
effects of CHX, and therefore it seems difficult to judge
through this method whether these genes represent the pri-
mary targets for the TGF-b signal or not.

We initially expected that counter-selection with GCV may
facilitate the elimination of trap lines with constitutively ex-
pressed genes. Inclusion of counter-selection, however, did not
significantly improve the efficiency of trap line isolation: 13 of
117 trap lines (11%) after counter-selection versus 8 of 132
trap lines (6.1%) without counter-selection. A quantitative
comparison of levels of reporter gene expression (Fig. 2) sug-
gests that the counter-selection might have served to select for
trap lines with low background expression but that, on the
other hand, it might have eliminated trap lines with strongly
expressed genes. Moreover, high concentrations of GCV non-
specifically damage the cells, and this may interfere with the
subsequent X-Gal assay because of an endogenous b-Gal-like
activity (10, 27) induced in damaged cells. Thus, we could not
take full advantage of counter-selection in this study. The
counter-selection may, however, be useful in cases where genes
are regulated in a more stringent fashion.

Among the nine genes confirmed to respond to TGF-b in

TABLE 2. Summary of the TGF-b-responsive genes identified in this study

Trap line Identity of protein
(accession no.) or homology

Reported function
(reference[s])

Induction by TGF-b

b-Gala RNAb CHXc

Known genes
A21 EGF receptor (U48722) Cell growth (31, 47) 2.45 11 1
A82 Ribosomal protein S15a (AA364270) Protein synthesis (4) 2.37 6 2
A88 TRAM-1 (AF016031) T3 receptor coactivator (46) 1.79 1 s
A96 Paxillin (U14588) Integrin signal (48) 2.98 1 1
A100 hnRNP-K/tump (X72727) Cell cycle progression (8) 3.45 6* 1
A114 hNRP/NAP-1 (D28430) Nucleosome assembly (44) 2.18 1* 2
A116 ZNF 185 LIM-domain protein (Y09538) (20) 3.81 11 1
A152 Lipocortin II (D00017) EGF receptor substrate (6, 22) 1.96 1 3
A126 b1-Integrin (X07979) ECMd protein receptor (19) 2.10 1 3

Unknown genes
A4 Zinc finger motif 2.76 11 3
A26 6.34 11 a
A70 3.29 1 s
A83 Thioredoxin domain 1.85 6 3
A161 2.22 1 1
A162 4.45 11 s

Unconfirmed genes f

A14 Pyrunvate kinase (M23725) Cytosolic T3-binding protein (25) 1.62 2 1
A80 Paxillin-related LIM protein (AF061258) 2.35 2* 1
A89 FRA7H linked 1.63 N/D
A143 BAC e clone 1.66 N/D
A153 cDNA clone 1.78 2 1
A164 U19H snoRNA (AJ224167) Ribosome biogenesis (5) 2.13 2 s

a Induction index of b-Gal activity in trap lines (Fig. 2).
b Effects of TGF-b on the levels of endogenous mRNA in A549 cells as assessed by RNA blot hybridization (Fig. 4), indicated qualitatively as follows: 11, clear

induction; 1, slight but significant induction; 6, possible induction; 2, no apparent induction; N/D, mRNA not detectable. *, multiple bands were detected.
c Effects of CHX on the levels of endogenous mRNA in A549 cells incubated in the presence of TGF-b as assessed by RNA blot hybridization (Fig. 4), indicated

qualitatively as follows: 3, no apparent effects; 1, slight upregulation; a, strong upregulation; 2, slight downregulation; s, strong downregulation.
d ECM, extracellular matrix.
e BAC, bacterial artificial chromosome.
f Genes whose induction could not be confirmed by RNA blot hybridization.
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this study, five genes (the EGF receptor, ribosomal protein
S15a, hnRNP-K/tump, hNRP/NAP-1, and lipocortin II genes)
can be classified as growth associated. In fact, these genes are
known to be upregulated in growing and/or malignant cells (4,
6, 8, 22, 31, 44). It has been known for some time that TGF-b
induces EGF receptor expression (47). Our finding indicates
that induction of growth-associated genes by TGF-b is not a
rare event. Importantly, other growth factors, such as EGF,
PDGF, and IGF-1, failed to induce these growth-associated
genes. This may explain why TGF-b exhibits a paradoxical
growth-promoting activity when present with other growth fac-
tors in certain types of cells (38). On the other hand, prelim-
inary experiments indicated that the overexpression of the A83
gene suppressed the growth of A549 cells (Matsuo et al., un-
published data). Thus, these novel genes may play some roles
in TGF-b-induced growth inhibition. The two focal adhesion-
associated proteins detected in this study (b1-integrin and pax-
illin) may also contribute to the growth-inhibitory effects (14,
48). Although the extent of induction was small, TRAM-1 was
found to respond to TGF-b. This might suggest a possible
molecular basis for the cooperative effects between thyroid
hormone and TGF-b observed in certain systems (28, 45).

In conclusion, we could detect, by using retrovirus-mediated
gene trap screening, a series of known and novel genes persis-
tently upregulated by TGF-b. We could also examine the pat-
terns of their responses to various stimuli using the trap lines.
Based on these results, we conclude that this approach has
several unique advantages over other methods and should pro-
vide a useful tool to detect and isolate genes that are respon-
sive to various external stimuli in cultured cells. Further char-
acterization of the novel genes isolated in this study may yield
important insights into the mechanism of action of TGF-b.
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