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The transforming growth factor-b1 (TGF-b1) respon-
sive epithelial non-small-cell lung cancer (NSCLC) cell
line NCI-H727 was used to identify potential target
genes involved in TGF-b1-mediated responses. Com-
parative cDNA expression patterns between cells
treated with TGF-b1 and those treated with vehicle
were generated by differential mRNA display. One
496-bp fragment, differentially increased threefold by
TGF-b1 and hybridizing to a 2.7-kb mRNA species in

CI-H727 cells by Northern analysis, revealed no sig-
ificant match to any known gene sequence. The
RNA transcript of this novel gene that we named

ifferentially expressed nucleolar TGF-b1 target
DENTT) is expressed in several normal human tis-
ues, with the highest level of expression in brain.
uman brain cDNA library screening and 5* rapid am-
lification of cDNA ends yielded full-length DENTT
DNA containing an 1899-bp open reading frame en-
oding a predicted 633-amino-acid protein with four
otential nuclear localization signals (NLSs) and two
oiled-coil regions. DENTT contains a conserved 191-
esidue domain that shows significant identity to, and
efines, the TSPY/TSPY-like/SET/NAP-1 superfamily.
nhanced green fluorescent protein (EGFP)-tagged

ull-length DENTT transfected into COS-7 cells
howed nucleolar and cytoplasmic localization. Trans-
ection of EGFP-tagged DENTT NLS deletion con-
tructs lacking the bipartite NLS-1 were excluded
rom the nucleolus. While NLS-1 is necessary for nu-
leolar localization of DENTT, it is not sufficient for
ole nucleolar localization. Our data show that DENTT
RNA induction by TGF-b1 correlates with induction

f TGF-b1 mRNA, induction of extracellular matrix
gene expression, and inhibition of colony formation in
soft agarose in TGF-b1 responsive NSCLC cells when
xposed to TGF-b1. TGF-b1 does not induce DENTT
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RNA expression in TGF-b1 nonresponsive NSCLC
cells. Our data suggest that this novel TGF-b1 target

ene has distinct domains for direction to different
ubnuclear locations. © 2001 Academic Press

INTRODUCTION

Lung cancer has become the leading cause of cancer
mortality among both men and women in the United
States, accounting for 28% of all cancer deaths in 1998
(Landis et al., 1999). The peripheral location and late
presentation of many lung cancers prevent extensive
analysis of the early molecular events associated with
these cancers. Most lung cancers are usually diagnosed
at a time that is too late for effective treatment, and the
therapeutic procedures that are currently available to
treat lung cancer are not adequate to make an effective
impact on this disease. Despite advances in cytotoxic
drug development, radiotherapy, and patient manage-
ment, the 5-year survival rate for lung cancer is less
than 14% and has shown little improvement over the
past 30 years (Ginsberg, 1993). An important step to-
ward determining key intervention points for lung can-
cer is a clear understanding of the molecular pathogen-
esis of this disease. Little information is known about
the sequence of genetic events leading to lung cancer.
Present theories suggest that as many as 10–20
events, including alterations of oncogenes and tumor
suppressor genes, have occurred by the time lung can-
cer becomes clinically evident. Although putative onco-
genes and tumor suppressor genes, including ras, myc,
Bcl-2, c-erb-B2, Rb, p53, and p16INK4A, that are involved
in lung cancer have been localized to chromosome
bands 3p, 5q, 9p, 11q, and 17 (Slebos and Rodenhuis,
1992; Kern and Filderman, 1993; Pezzella et al., 1993;

rins et al., 1993; Shapiro et al., 1995; Carbone and
ratzke, 1996; Sidransky and Hollstein, 1996), many
f the key genes have yet to be identified and charac-
erized. Identification of these genes and an under-
tanding of their role in the initiation and progression
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of lung cancer may greatly increase our ability to tar-
get the genetic lesions that are responsible for malig-
nant transformation and metastasis of this disease.

Several different polypeptide growth factors have
been identified in normal lung, including transforming
growth factor-b 1 (TGF-b1). TGF-b1 is a multifunc-
tional protein that regulates several diverse biological
activities including cell growth, differentiation, adhe-
sion, and migration (reviewed in Derynck and Choy,
1998). In addition, previous studies have shown that
TGF-b1 can inhibit anchorage-independent growth of
transformed cells (Moses et al., 1985; Roberts et al.,
1985), with anchorage-independent growth being a
particularly good correlate to tumorigenicity in vivo
(Shin et al., 1975). TGF-b1 initiates signaling by inter-
acting with its cellular receptors, including the type I
(TGF-b RI) and type II (TGF-b RII) receptors, which
have been shown to be serine/threonine kinases that
are essential components for TGF-b signal transduc-
tion (reviewed in Massague’, 1998). Ligand binding to
constitutively active TGF-b RII results in the recruit-
ment, phosphorylation, and subsequent activation of
TGF-b RI in a heteromeric complex. Activated TGF-b
RI in the complex in turn propagates the TGF-b signal
o downstream effector proteins. Several proteins have
een shown to associate with TGF-b receptors, includ-

ing Smad2 and Smad3. Smad2 and Smad3 are effectors
of TGF-b signaling and have been shown to be phos-
phorylated by activated TGF-b RI, and they subse-
quently dissociate, form a complex with Smad4/DPC4,
and then translocate to the nucleus, where they func-
tion as transcriptional activators (Heldin et al., 1997).
Smad6 and Smad7 have also been shown to participate
in TGF-b signal transduction (Hayashi et al., 1997;
Imamura et al., 1997). However, unlike Smad2,
Smad3, and Smad 4, Smad6 and Smad7 have been
shown to function as negative regulators of TGF-b
signaling. In addition to the Smads, other proteins that
interact with the TGF-b receptors have been identified.
The immunophilin-binding protein FKBP12, a target
for the macrolides FK506 and rapamycin, has been
shown to interact with the GS domain, or activation
domain, of TGF-b RI and to prevent TGF-b signaling in
he absence of ligand (Wang et al., 1994; Chen et al.,

1997). The a subunit of p21RAS farnesyltransferase,
FNTA, has also been shown to interact with the cyto-
plasmic tail of TGF-b RI (Kawabata et al., 1995; Wang
et al., 1996). Two WD-40 domain proteins, the Ba sub-
unit of protein phosphatase 2A (PP2A) (Ventura et al.,
1996) and TGF-b RII-interacting protein (TRIP-1)
(Chen et al., 1995), associate with TGF-b RI and TGF-b
RII, respectively. Recently, human cyclin B2 has been
reported to bind directly to TGF-b RII (Liu et al., 1999).
Although much of the intracellular signaling mecha-
nism of TGF-b has been elucidated, the whole spec-
trum of target genes that contribute to the induction
and/or maintenance of the specific responses resulting
from TGF-b exposure has not been determined. In ad-
dition to the important proteins that are required for
transmitting the TGF-b signal from the cytoplasm to
the nucleus, there are potentially many other target
genes of TGF-b whose protein products may be impor-
tant in determining the ultimate outcome of TGF-b
responsiveness. A number of these TGF-b target genes
have been identified and characterized. However, it is
likely that there are other TGF-b target genes that
have yet to be identified and their functions elucidated
in normal and tumor epithelial cells. Thus, identifica-
tion and characterization of the downstream genes tar-
geted by TGF-b are necessary to understand the na-
ture of TGF-b action in cell processes including
proliferation, differentiation, embryogenesis, adhesion,
migration, and extracellular matrix formation (Roberts
and Sporn, 1990; Roberts et al., 1990; Massague’ et al.,
1992).

In a previous study, we examined expression of
TGF-b ligand and receptor mRNAs and proteins in
several non-small-cell lung cancer (NSCLC) and small
cell lung cancer (SCLC) cells (Jakowlew et al., 1995).
We showed that addition of exogenous TGF-b1 to
NSCLC cells inhibited colony formation of some of
these cells in soft agarose in a dose-dependent manner.
Among the NSCLC cells that we have demonstrated
are responsive to TGF-b1 is the NCI-H727 cell line.
Anchorage-independent growth of NCI-H727 cells was
shown to be inhibited by TGF-b1 (Jakowlew et al.,
995). TGF-b1 mRNA expression was increased after

24 h of treatment of these cells with TGF-b1 (Jakowlew
et al., 1995). In the present study, NCI-H727 cells were
used as a model system for epithelial cancers to iden-
tify potential gene targets involved in TGF-b1-medi-
ted responses using the differential mRNA display
ethod (Liang and Pardee, 1992; Liang et al., 1994).

This report describes the identification, cloning, se-
quencing, and characterization of a novel TGF-b1 tar-
get gene in NSCLC cells. This gene, which we named
differentially expressed nucleolar TGF-b1 target
(DENTT), is differentially induced by TGF-b1 in

GF-b1 responsive NSCLC cells, but not in NSCLC
cells that are not responsive to TGF-b1. DENTT
mRNA induction by TGF-b1 correlates with induction
of TGF-b1 mRNA and with inhibition of anchorage-
independent growth in NSCLC cells that are respon-
sive to TGF-b1. DENTT contains a conserved domain
that identifies members of the TSPY/TSPY-like/SET/
NAP-1 (TTSN) protein superfamily and signifies
DENTT as a new member of this superfamily. DENTT
is targeted to the nucleolus minimally by one bipartite
nuclear localization signal (NLS) and one monopartite
NLS. Thus, nucleolar localization of DENTT may sug-
gest additional roles for the TTSN superfamily.

MATERIALS AND METHODS

Cell culture. Human NSCLC cell lines, including NCI-H157,
NCI-H679, NCI-H720, NCI-H727, NCI-H835, NCI-H838, NCI-
H1299, NCI-H1435, and NCI-H1734 cells, were cultured in serum-
supplemented medium [RPMI 1640 medium (Life Technologies,
Rockville, MD) containing 10% heat-inactivated fetal bovine serum
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(FBS) (Life Technologies)] at 37°C. Routinely, the cells showed
greater than 90% viability, were Mycoplasma free, and were used
when they were in exponential growth phase. Normal human bron-
chial epithelial (NHBE) cells obtained from Clonetics (San Diego,
CA) were cultured in bronchial epithelial growth medium supplied
with the cells. For treatment of cells with TGF-b1, cells were washed

ith phosphate-buffered saline (PBS) and incubated with ITS me-
ium (RPMI 1640 medium containing 5 mg/ml bovine insulin, 10

mg/ml human transferrin, and 3 3 1028 M sodium selenite) and 0.1%
bovine serum albumin (BSA). Cells were treated with recombinant
human TGF-b1 (5 ng/ml) in a vehicle of 4 mM HCl containing 1
mg/ml BSA or vehicle alone. Bovine insulin, human transferrin,
sodium selenite, and BSA were purchased from Sigma Chemical Co.
(St. Louis, MO). Recombinant human TGF-b1 was obtained from
R&D Systems (Minneapolis, MN). Total normal human fetal and
adult tissue RNAs were purchased from Clontech (Palo Alto, CA).

Differential mRNA display. Total RNA was isolated by the
method of Chirgwin et al. (1979) using guanidine isothiocyanate and
cesium chloride and subsequently treated with RNase-free DNase
(Life Technologies). Purified total cell RNA (0.2 mg) was reverse
transcribed in a 20-ml reaction mixture with SuperScript reverse
transcriptase (Life Technologies) and oligo(dT) primer 59-T11CA-39 at
37°C for 60 min. For polymerase chain reaction (PCR) amplification,
2 ml of reverse-transcribed RNA was added to 18 ml of a solution
containing the oligo(dT) primer 59-T11CA-39 and one of 20 different
random oligonucleotide primers, including the primer 59-GAACCT-
GAAG-39. Radioactive a-35S-dATP (Dupont, Boston, MA) was added
to the PCR mixture, and the reaction mixture was subjected to 40
cycles of PCR in a Perkin–Elmer-Cetus (Foster City, CA) 9600 Ther-
mal cycler using parameters of 94°C for 30 s, 40°C for 2 min, and
72°C for 30 s according to the RNAimage kit (GenHunter Co., Nash-
ville, TN). Radiolabeled PCR products were analyzed by electro-
phoresis on 6% polyacrylamide gels. The gels were dried and then
exposed to Kodak XAR-5 film (Kodak Co., Rochester, NY).

Reamplification of cDNA fragments. Differentially expressed
cDNA fragments were identified, recovered from the gels, and ream-
plified in a 40-cycle PCR using the same oligonucleotide primer pairs
used for differential mRNA display analysis. Reamplified cDNA frag-
ments were separated by electrophoresis on a low-melting agarose
gel and extracted using the GeneClean II Kit (Bio 101, Vista, CA).
The purified cDNA fragments were then used as templates for ran-
dom-priming and for TA cloning.

Northern blot analysis. Equal amounts of total RNA (10 mg) were
separated by electrophoresis on 1% agarose gels containing 0.66 M
formaldehyde, transferred to “Nytran” filters (Schleicher and
Schuell, Keene, NH), UV cross-linked, and baked for 3 h. Ethidium
bromide (33 mg/ml) was included in both the gels and running buffers
o visualize the positions of ribosomal RNAs by UV illumination after
lectrophoresis. Blots were hybridized with 32P-labeled (3000 Ci/

mmol, Dupont) random-primed cDNA probes at 65°C according to
Church and Gilbert (1984) and then exposed for various times at
280°C using an intensifying screen. Densitometry of autoradio-
graphs was performed using a scanning laser densitometer (Molec-
ular Dynamics, Sunnyvale, CA).

TA cloning and sequencing analysis. Reamplified cDNA frag-
ments were cloned into the plasmid vector pCRII using the TA
cloning kit (Invitrogen, San Diego, CA). Plasmids were purified using
the Qiagen plasmid kit according to the manufacturer’s directions
(Qiagen Inc., Chatsworth, CA). The cDNAs were sequenced with T7
and SP6 oligonucleotide primers using the dye terminator cycle
sequencing core kit and an Applied Biosystems automated sequencer
(Perkin–Elmer). The nucleotide sequences obtained were compared
with known gene sequences by searching the GenBank and EMBL
databases with BLAST (National Center for Biotechnology Informa-
tion, Bethesda, MD).

cDNA library screening. An adult human brain cDNA library
was obtained from Clontech and plated out at 1 3 105 colony-forming

nits per 150-mm plate. Colonies were lifted onto duplicate nitrocel-
ulose filters (Amersham, Boston, MA) and probed as described for
orthern blot analysis. Positive colonies were isolated and re-

creened after dilution. Secondary and tertiary screening was iden-
ical to primary screening.

cDNA probe. Hybridization was performed using the 0.9-kb
baI–HindIII fragment of rat TGF-b1, plasmid pRTGFb1 (Qian et

al., 1990).

59 Rapid amplification of cDNA ends (59 RACE). The 59-ends of
cDNAs were derived using 59 RACE (Life Technologies) according to
the manufacturer’s directions. The oligonucleotide primers used for
59 RACE included GP1 (59-GCTGGATGATGAGGTCTCTG-39) for
first-strand cDNA synthesis and GP2 (59-TGAACTTGCGCTTGAGA-
39) for PCR amplification. The PCR products were cloned into the TA
cloning vector (Invitrogen), and clones containing inserts were sub-
sequently sequenced.

Generation of enhanced green fluorescent protein fusion constructs.
To determine which NLS sequences were required for nuclear local-
ization of DENTT, enhanced green fluorescent protein (EGFP)–fu-
sion constructs were engineered encoding various protein domains of
human DENTT. All DENTT cDNAs were cloned into the EGFP
carboxyl-terminal protein fusion expression vector pEGFP-C2 (Clon-
tech). EGFP-FL, EGFP-1, EGFP-2, EGFP-3, EGFP-4, EGFP-5,
EGFP-6, EGFP-7, EGFP-9, and EGFP-10 were constructed following
EcoRI–BamHI digestion of PCR products and ligation into similarly
digested pEGFP-C2 vector. PCR products were generated using the
following oligonucleotide primers:

Construct EGFP-FL: GFP1A, 59-TCGAATTCATGAGGGGGGT-
GGGACTGGG-39 (nucleotides 25–44); GFP1B, 59-CGGTGGATC-
CGGGAAAACCCTTATCCGGTT-39 (nucleotides 1917–1936).

Construct EGFP-1: GFP1A, 59-TCGAATTCATGAGGGGGGTGG-
GACTGGG-39 (nucleotides 25–44); GFP1C, 59-CGGTGGATCCGC-
CCCTTTCTCTCAGGTAGTA-39 (nucleotides 1025–1045).

Construct EGFP-2: GFP2A, 59-GCTTCGAATTCGAGAGAAATGC-
CGAGAGGATG-39 (nucleotides 466–480); GFP2B, 59-CGGTG-
GATCCGCTTCTTTCTCTTTATCCTGGAGCCCCT-39 (nucleotides
1039–1066).

Construct EGFP-3: GFP3A, 59-GCTTCGAATTCAAGAAACGTA-
AAACCAGGGGC-39 (nucleotides 1075–1095); GFP4B, 59-CGGTG-
GATCCATTGGCCCAACCGTTTGGGAC-39 (nucleotides 1885–1905).

Construct EGFP-4: GFP4A, 59-GCTTCGAATTCTGGGCAGATGT-
GAGGTGGTGATC-39 (nucleotides 1092–1113); GFP1B, 59-CGGTG-
GATCCGGGAAAACCCTTATCCGGTT-39 (nucleotides 1039–1066).

Construct EGFP-5: GFP1A, 59-TCGAATTCATGAGGGGGGTGG-
GACTGGG-39 (nucleotides 25–44); GFP2B, 59-CGGTGGATCCGCT-
TCTTTCTCTTTATCCTGGAGCCCCT-39 (nucleotides 1039–1066).

Construct EGFP-6: GFP1A, 59-TCGAATTCATGAGGGGGGTGG-
GACTGGG-39 (nucleotides 25–44); GFP4B, 59-CGGTGGATCCATT-
GGCCCAACCGTTTGGGAC-39 (nucleotides 1885–1905).

Construct EGFP-9: GFP2A, 59-GCTTCGAATTCGAGAGAAATGC-
CGAGAGGATG-39 (nucleotides 466–480); GFP1B, 59-CGGTG-
GATCCGGGAAAACCCTTATCCGGTT-39 (nucleotides 1917–1936).

Construct EGFP-10: GFP3A, 59-GCTTCGAATTCAAGAAACGTA-
AAACCAGGGGC-39 (nucleotides 1075–1095); GFP1B, 59-CGGTG-
GATCCGGGAAAACCCTTATCCGGTT-39 (nucleotides 1917–1936).

Construct EGFP-7 was generated by PCR amplification of NLS-1
and NLS-4, followed by restriction digestion of NLS-1 and NLS-4
PCR products with EcoRI–NotI and BamHI–NotI (Life Technolo-
gies), respectively, and then ligation of the digested fragments. The
ligated fragments were cloned into pEGFP-C2 as described above.
The PCR oligonucleotide primers used to make EGFP-7 were:

NLS-1: GFP1A, 59-TCGAATTCATGAGGGGGGTGGGACTGGG-39
(nucleotides 25–44); GFP3E, 59- GCGGCCGCGCCCCTTTCTCT-
CAGGTAGTA-39 (nucleotides 1025–1045).

NLS-4: GFP4C, 59-GCGGCCGCAGGCAGATGTGAGGTGGT-
GATC-39 (nucleotides 1093–1113); GFP1B, 59-CGGTGGATCCGG-
GAAAACCCTTATCCGGTT-39 (nucleotides 1917–1936).

Construct EGFP-8 was generated by PCR amplification of NLS-1
and NLS-3/NLS-4, followed by restriction digestion of NLS-1 and
NLS-3/NLS-4 PCR products with EcoRI–NotI and BamHI–NotI (Life
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Technologies), respectively, and then ligation of the digested frag-
ments. The ligated fragments were cloned into pEGFP-C2 as de-
scribed above. The PCR oligonucleotide primers used to make
EGFP-8 included:

NLS-1: GFP1A, 59-TCGAATTCATGAGGGGGGTGGGACTGGG-39
(nucleotides 25–44); GFP3E, 59-GCGGCCGCGCCCCTTTCTCT-
CAGGTAGTA-39 (nucleotides 1025–1045).

NLS-3/NLS-4: GFP3D, 59-GCGGCCGCAAAGAAACGTAAAAC-
CAGGGGC-39 (nucleotides 1075–1095); GFP1B, 59-CGGTGGATC-
CGGGAAAACCCTTATCCGGTT-39 (nucleotides 1917–1936).

Transient transfections. A total of 1 3 105 COS-7 cells were
seeded in 2-well Lab-Tek chamber slides (Nalge Nunc, Naperville,
IL) and grown in DMEM medium (Life Technologies) supplemented
with 10% FBS. Twenty-four h later, cells were transfected with
EGFP-DENTT vector constructs using Lipofectine according to the
manufacturer’s directions (Life Technologies). The EGFP expression
vector alone and EGFP expression vector containing the previously
studied SV40 large T-antigen monopartite NLS sequence,
PKKKRKV (Healy et al., 1999), were also transfected into COS-7
cells with Lipofectine and used as negative and positive controls,
respectively. Forty-eight h after transfection, cells were washed
three times with PBS, fixed with 4% paraformaldehyde in PBS for 30
min at room temperature, washed an additional three times with
PBS, stained with DAPI, and mounted with Clear Mount (Biomeda,
Foster City, CA). The fixed slides were kept at 4°C until viewed with
a Nikon Eclipse E400 microscope with fluorescence and confocal
microscopy capabilities (Columbia, MD). Images were captured on
film (Universal Imaging Corp., West Chester, PA).

RESULTS

Identification of TGF-b Regulated Genes by
Differential Display

We have previously shown that TGF-b1 is able to
induce expression of its own mRNA and protein in
several NSCLC cell lines, including NCI-H727 cells
(Jakowlew et al., 1995). Here, the expression patterns
of cDNAs from NCI-H727 cells exposed to TGF-b1 for
24 h and cells exposed to vehicle alone were compared
by differential mRNA display analysis to identify new
gene targets whose transcription is regulated by TGF-
b1. A total of 20 59-arbitrary decamers were used. Each
of the 20 decamers was paired with one of four 39-
degenerate anchored oligo(dT) primers and used to
amplify cDNAs synthesized using reverse transcrip-
tase from RNAs extracted from TGF-b1-treated and
vehicle-treated NCI-H727 cells with 40 cycles of ampli-
fication. All amplifications were performed in duplicate
using total RNA extracted from independently treated
populations of NCI-H727 cells. The amplified cDNA
products were size-fractionated on denaturing urea–
polyacrylamide gels, and potential differentially ex-
pressed cDNAs were identified by autoradiography. To
guard against isolating differentially displayed cDNAs
that may be “false positives,” only cDNAs whose levels
of expression were affected by TGF-b1 in duplicate
experiments were selected for further analysis. Repre-
sentative data are presented in Fig. 1. Five reproduc-
ible potential differentially expressed cDNA frag-
ments, designated DD1, DD2, DD3, DD4, and DD5,
ranging in size from 100 to 800 bp, were identified by
autoradiography. Of the cDNA fragments that were
selected for further evaluation, four fragments, includ-
ing DD1, DD3, DD4, and DD5, showed an increase in
band intensity as a result of TGF-b1 treatment com-
pared with identically sized cDNA fragments from the
control vehicle-treated NCI-H727 sample. A single
product, DD2, was identified that showed increased
band intensity in the vehicle-treated NCI-H727 cDNA
sample. The five differentially displayed cDNAs were
successfully extracted from acrylamide gels and ream-
plified.

Northern Blot Analysis of Differentially Displayed
cDNA Fragment DD3

Northern blot analysis was used to confirm that the
differentially expressed cDNA fragments represent
mRNAs whose steady-state levels change following ex-
posure of NCI-H727 cells to TGF-b1. The excised re-
amplified cDNA fragments were used as probes to hy-
bridize to Northern blots containing total RNA from
NCI-H727 cells cultured in the presence of TGF-b1 or
vehicle alone for 24 h. Figure 2A shows Northern blot
analysis of the DD3 cDNA fragment and hybridization
to a transcript of 2.7 kb in NCI-H727 cells. Within 24 h
of addition of TGF-b1 to NCI-727 cells, there was at
least a 3-fold increase in the level of the transcript of
this gene, indicating that it is regulated by TGF-b1.
Expression of TGF-b1 mRNA was also examined in

FIG. 1. Differential mRNA display analysis of TGF-b1 regulated
genes in NCI-H727 cells. Total RNA was isolated from vehicle-
treated (2) (lane 1) or 5 ng/ml TGF-b1-treated (1) (lane 2) cultures
of NCI-H727 cells and converted to cDNA using reverse transcrip-
tase in the presence of a-35S-dATP for further mRNA differential
display amplification. The amplified cDNA fragments were sepa-
rated by electrophoresis on 6% acrylamide gels, exposed to film, and
developed to reveal differential bands as described under Materials
and Methods. DD1, DD2, DD3, DD4, and DD5 indicate the position
of differentially displayed cDNA bands. The gel shown in this figure
is representative of four separate experiments.
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these cells cultured in the presence or absence of TGF-
b1. To examine the expression of TGF-b1 mRNA, the
blot that was used to investigate expression of the
2.7-kb TGF-b1 regulated mRNA was dehybridized, ex-
posed to film to ensure complete dehybridization, and
then hybridized with a 32P-labeled cDNA probe for

FIG. 2. Northern blot analysis of TGF-b1 regulated mRNAs in
NCI-H727 cells. Total RNA (10 mg) was isolated from exponentially
proliferating subconfluent NCI-H727 cells cultured for 24 h with:
vehicle (lane 1); 5 ng/ml TGF-b1 (lane 2), separated by electrophore-
sis on a 1% agarose gel containing formaldehyde, and transferred to
a nylon filter as described under Materials and Methods. Hybridiza-
tion was performed with (A) DD3 cDNA probe; (B) TGF-b1 cDNA

robe. The blots were exposed for 1 day. (C) Ethidium bromide
taining pattern of the gel showing 18S and 28S rRNA. The blots
hown in this and subsequent figures are representative of three
eparate experiments.

FIG. 3. Northern blot analysis of DD3 and TGF-b1 mRNAs
exponentially proliferating subconfluent NCI-H157, NCI-H838, NCI-
7); 5 ng/ml TGF-b1 (lanes 2, 4, 6, and 8), and analyzed as before with
for 1 day. (C) Ethidium bromide staining pattern of the gel showing
TGF-b1. Hybridization with a TGF-b1 cDNA probe
showed an increase in expression of TGF-b1 mRNA of
at least 4-fold after exposure of NCI-H727 cells to
TGF-b1 (Fig. 2B). As a control, the gel was stained with
ethidium bromide and photographed to ensure that
equal amounts of RNA had been applied to the gel (Fig.
2C). Northern blot analysis of 32P-labeled DD1, DD2,
DD4, and DD5 cDNAs was also performed as for DD3
cDNA with total RNA from TGF-b1-treated and vehi-
cle-treated NCI-727 cells. However, in contrast to DD3,
differential expression of the corresponding mRNAs for
DD1, DD2, DD4, and DD5 in TGF-b1-treated and ve-
hicle-treated NCI-H727 cells was less than 1.3-fold
(data not shown). Due to minimal differential expres-
sion of DD1, DD2, DD4, and DD5 mRNAs in response
to TGF-b1 by Northern blot hybridization, the identi-
fication of the corresponding cDNAs was not pursued,
and efforts were made to identify DD3 cDNA.

To determine whether expression of DD3 mRNA is
affected by TGF-b1 in other lung cancer and normal
lung cells, the expression of DD3 mRNA was examined
in additional NSCLC cell lines and NHBE cells. Figure
3A shows that the 2.7-kb DD3 transcript was detect-
able in NCI-H157 squamous cell carcinoma, NCI-H838
adenocarcinoma, NCI-H1299 large cell carcinoma, and
NHBE cells by Northern blot analysis with a 32P-la-
beled DD3 cDNA probe. After addition of exogenous
TGF-b1 to these cells for 24 h, Fig. 3A also shows there
was a 1.5- and 4-fold increase in expression of DD3
mRNA in NCI-H157 and NCI-H1299 cells, respec-
tively. At the same time, there was no change in DD3
mRNA in NCI-H838 or NHBE cells after addition of
TGF-b1 to these cells (Fig. 3A). Hybridization of DD3
cDNA to RNA from four additional NSCLC carcinoid

NSCLC and NHBE cells. Total RNA (10 mg) was isolated from
99, and NHBE cells cultured for 24 h with: vehicle (lanes 1, 3, 5, and

) DD3 cDNA probe; (B) TGF-b1 cDNA probe. The blots were exposed
S and 28S rRNA.
in
H12
(A
18
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cell lines cultured in the presence of TGF-b1, including
NCI-H679, NCI-H720, NCI-H835, NCI-H1435, and
NCI-H1734 cells, showed no more than a 1.2-fold in-
crease in DD3 mRNA (data not shown). Dehybridiza-
tion of these blots and subsequent hybridization with a
TGF-b1 cDNA probe showed a 4- to 6-fold increase in
TGF-b1 mRNA in NCI-H157 and NCI-H1299 cells
upon addition of TGF-b1 to these cells (Fig. 3B). No
change in TGF-b1 mRNA expression was detected in
NCI-H838 cells after addition of exogenous TGF-b1, as
we have previously reported (Jakowlew et al., 1995).

Following Northern blot hybridization analysis, the
D3 TGF-b1 regulated cDNA fragment was subcloned

into plasmid DNA. The insert from this plasmid DNA
was also shown to hybridize to the same size mRNA
and to exhibit differential expression in TGF-b1-
reated and vehicle-treated NCI-H727 cells (data not
hown). It was determined that this plasmid DNA frag-
ent had an insert of 496 bp, and DNA sequence

nalysis confirmed that it contained both 59- and 39-
ligonucleotide primer sequences used for amplifica-
ion (data not shown). After DNA sequence homology
earches in the GenBank and EMBL databases, the
equence of DD3 cDNA showed no significant matches
ith any known gene sequence. Thus, DD3 may be a
ovel target gene of TGF-b1.

Expression of DD3 mRNA in Human Tissues

Expression of DD3 mRNA was examined in various
human tissues using Northern blot analysis. Figure 4
shows hybridization of DD3 cDNA to total RNA from
12 normal human tissues. The highest levels of expres-
sion of DD3 mRNA occurred in brain and testis. Com-
pared to adult brain and testis, moderate levels of DD3
mRNA expression were detected in lung, mammary

FIG. 4. Northern blot analysis of DD3 mRNA in normal human
tissues. Total RNA (10 mg) isolated from nomal human tissues,
including brain (lane 1); fetal brain (lane 2); trachea (lane 3); lung
(lane 4); mammary gland (lane 5); fetal liver (lane 6); liver (lane 7);
pancreas (lane 8); adrenal gland (lane 9); ovary (lane 10); prostate
(lane 11); testis (lane 12), was separated by gel electrophoresis,
transferred to a nylon filter, and analyzed as before with (A) DD3
cDNA probe. The blot was exposed for 2 days. (B) Ethidium bromide
staining pattern of the gel showing 18S and 28S rRNA.
gland, adrenal gland, ovary, and prostate, while only
low levels of this mRNA were detected in adult trachea,
fetal brain, and fetal liver. In addition, very low, but
detectable levels of DD3 mRNA were observed in adult
liver and pancreas after prolonged exposure (data not
shown).

Cloning and Sequence Analysis of Full-length DD3
cDNA

A normal, adult, human brain cDNA library was
screened with the 496-bp DD3 cDNA fragment, and
several positive clones were identified. The longest
clones were approximately 1.4 kb in length. The DNA
from these clones was sequenced, and sequence homol-
ogy searches of databases indicated that the 1.4-kb
DD3 cDNA, like the 496-bp DD3 cDNA, had no signif-
icant matches to any known gene sequence. 59 RACE
nd genome walking were performed to obtain the
emaining 59-portion of DD3 cDNA. The nucleotide
equence of full-length DD3 mRNA, consisting of 2569
p, is shown in Fig. 5, together with the deduced amino
cid sequence. This is in agreement with the estimated
.7-kb size of DD3 mRNA by Northern blot analysis
hown in Fig. 2A. The sequence of full-length DD3 was
etermined to have no significant matches with any
nown gene sequence. Thus, DD3 is a novel TGF-b1

target gene that we have named DENTT. DENTT
cDNA contains a 59-UTR consisting of 58 nucleotides.
In addition, DENTT cDNA contains an 1899-bp open
reading frame (ORF) that encodes a predicted 633-
amino-acid protein of 72,800 Da. The amino acid se-
quence shown in Fig. 5 represents the longest ORF
with the ATG triplet at nucleotide 59 being the trans-
lational initiation site. The translational initiation site
was tentatively assigned to the ATG triplet at nucleo-
tide 59, rather than to the ATG triplet farther down-
stream at nucleotide 425 for the following reasons.
According to the translational “scanning model”
(Kozak, 1981a), eukaryotic ribosomes bind to the 59-
terminus of mRNA and migrate along the mRNA se-
quence until they encounter the first AUG triplet,
which, by virtue of its location, is the initiation codon.
An extended version of the scanning model was pro-
posed in which the nucleotides flanking the AUG ini-
tiation codon play an important role in the recognition
by eukaryotic ribosomes (Kozak, 1981b, 1982). Accord-
ing to this version, the most favorable sequence for
initiation is A/GNNAUGG. Although the ATG triplet
at nucleotide 425 corresponds to the most favorable
sequence for initiation, the upstream ATG triplet at
nucleotide 59 has a more suitable location for transla-
tional initiation according to the scanning model. We
have chosen the ATG triplet at nucleotide 59 as the
translational initiation triplet that results in the long-
est ORF. DNA sequence analysis also showed that
DENTT contains a 14-residue poly(A) sequence at its
39-end indicating the 39-poly(A) tail of DENTT mRNA.
Interestingly, the 496-bp DENTT cDNA fragment that
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was recovered by differential mRNA display was not
found adjacent to the poly(A) tail sequence of the 1.4-kb
cDNA clones, but instead was located 616 bp upstream
of the poly(A) tail as shown in Fig. 5. The 39-UTR
egion of DENTT consists of 595 bp between the trans-

FIG. 5. Nucleotide sequence and deduced amino acid sequence o
to the left correspond to the nucleotide sequence with nucleotide nu
right correspond to the single-letter amino acid sequence with methio
potential nuclear localization signals (NLS) are in boldface type. Tw
to each amino acid. The amino acid region of similarity to the TSPY
of the 496-bp DD3 cDNA sequence are underlined. The TAA translati
site is dash underlined.
ation termination signal and the poly(A) tail sequence.
t has been shown that the hexanucleotide AAUAAA
ound 15–25 nucleotides upstream from the polyade-
ylation site in most eykaryotic mRNAs serves as part
f the signal for polyadenylation (Proudfoot and

ifferentially expressed nucleolar TGF-b1 target (DENTT). Numbers
er 1 as the first T after the oligonucleotide primer. Numbers to the
e number 1 as the first in-frame amino acid. The amino acids of four
tential coiled-coil regions are designated by boldface asterisks next
T/NAP-1 protein superfamily is double underlined. The nucleotides
l termination codon is indicated by an asterisk. The poly(A) addition
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Brownlee 1976; Fitzgerald and Shenk, 1981; Montell et
al., 1983). In DENTT, this polyadenylation signal is
found 15 nucleotides upstream from the poly(A) tail
sequence.

Computer analysis software programs, including
MOTIFS and PSORT, were used to analyze the de-
duced DENTT amino acid sequence. According to
PSORT, the DENTT ORF has four putative NLSs in-
cluding RRRRRRRRRKQRKVKRE, located at amino
acid residues 127–143, KRKK, located at amino acids
344–347, KKRK, located at amino acids 351–354, and
PGKRGKT, located at amino acids 628–633. The first
NLS (NLS-1) conforms to the consensus sequence for a
bipartite NLS (Dingwall and Laskey, 1991), and the
other three NLSs (NLS-2, NLS-3, and NLS-4) resemble
the monopartite NLS classes (Kalderon et al., 1984).
PSORT calculation gives a 78% probability that
DENTT is localized to the nucleus. In addition to the
NLS regions, two potential coiled coil regions are lo-
cated at amino acid residues 140–177 and 538–567
(Fig. 5). The programs also predict that DENTT does
not contain an N-terminal signal sequence for transfer
into the endoplasmic reticulum or a hydrophobic region
that is characteristic of transmembrane proteins.

A database homology search for the DENTT amino
acid sequence was performed using the National Cen-
ter for Biotechnology Information BLAST Network
Service. This search identified a conserved 191-amino-
acid domain in DENTT located between amino acid
residues 150 and 341 that showed significant identity
to, and defines, the testis-specific protein, Y-encoded/
testis-specific protein, Y-encoded-like/SET/nucleosome
assembly protein-1 (TSPY/TSPY-like/SET/NAP-1, or
TTSN) protein superfamily (Tyler-Smith et al., 1988;
Ishimi et al., 1984; Weissenbach et al., 1989; Ishimi
and Kikuchi, 1991; Von Lindern et al., 1992; Adachi et

FIG. 6. Alignment of the predicted DENTT amino acid sequence
f similarity were identified using the BLAST program. Numbers abo
s indicated using the single-letter amino acid code. Conservative ami
hanges are indicated by dashes. Asterisks indicate gaps that were
al., 1994; Vogel et al., 1998) (Fig. 6). An alignment of
the predicted DENTT amino acid sequence with hu-
man SET, TSPY, and NAP-1 was performed. Figure 6
shows that this alignment demonstrated 34, 40, and
30% amino acid sequence identity of DENTT with SET
(GenBank Accession No. AAC50460), TSPY (GenBank
Accession No. AAB51693), and NAP-1 (GenBank Ac-
cession No. AAA34811), respectively. When the align-
ment is performed to allow conservative amino acid
changes, the amino acid alignment shows 64, 61, and
57% sequence identity of DENTT with SET, TSPY, and
NAP-1, respectively. Thus, DENTT may be a new
member of the TTSN protein superfamily.

Subcellular Localization of DENTT

Because members of the TTSN family are localized
to the nucleus, and DENTT has four potential NLSs
and is predicted by PSORT to localize to the nucleus,
we sought to determine whether DENTT was localized
to the nucleus by enhanced green fluorescence. Full-
length DENTT encoding amino acids 1–633 was ex-
pressed as a carboxyl-terminal fusion protein of EGFP
to generate the construct EGFP-FL by incorporating
DENTT cDNA into pEGFP-C2, an expression vector
containing the gene encoding EGFP. Sequence analy-
sis indicated that this construct containing the four
potential NLSs was in-frame with EGFP (data not
shown). Because DENTT was identified as a target
gene of TGF-b1 in NSCLC cells, we initially preferred
to analyze DENTT localization in NCI-H727 cells.
However, the low transfection efficiency in these cells
precluded their use when large numbers of transfec-
tants were required. The higher transfection efficiency
of COS-7 cells permitted these analyses. In addition,
COS-7 cells have more distinct nuclei that are easily

h that of human SET, TSPY, and NAP-1. The alignment and region
he DENTT sequence correspond to the amino acid sequence. Identity
acid chages are indicated by a plus sign. Nonconservative amino acid
roduced to align regions of similarity between sequences.
wit
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identified from the cytoplasm than NCI-H727 cells.
After transfection of EGFP-FL into COS-7 cells, the
subcellular localization of the fusion protein was deter-
mined by fluorescence microscopy. Fluorescence of
transfected EGFP-FL was observed in the cytoplasm
and nucleolus and was distinctly excluded from the
nucleus in 95% of the transfected cells showing green
fluorescence (Fig. 8A). The corresponding DAPI
stained image is shown in Fig. 8B.

Intrigued by the nucleolar localization of DENTT,
the minimum number of DENTT NLS domains that
are capable of mediating its localization to the nucleo-
lus was determined. For this, a series of deletion mu-
tants was generated, as diagrammed in Fig. 7. All
constructs used in this study were sequenced to verify
that they were in-frame with EGFP (data not shown).
The DENTT mutant proteins were expressed as car-
boxyl-terminal fusions of EGFP, and after transient
transfection expression in COS-7 cells, the subcellular
localization of each fusion protein was determined by
fluorescence microscopy as for EGFP-FL. Representa-
tive fluorescence micrographs are shown in Fig. 8, and
the distinct subcellular localizations were seen in 90–
95% of the transfected cells.

The DENTT NLS domains were examined to deter-
mine their effect on nucleolar localization. Analysis of
the predicted amino acid sequence of DENTT revealed
an excellent candidate bipartite NLS at amino acids
127 to 143 (NLS-1, Fig. 5). This region contains 4 basic
amino acids, an 8-residue spacer region, and a basic
cluster in which 4 of the 5 amino acids are basic. To
determine whether the amino terminus of DENTT by
itself could direct nuclear localization, the region of
DENTT containing only amino acids 1–340, was fused
to EGFP to generate the construct EGFP-1 (Fig. 7). In
COS-7 cells transfected with EGFP-1, the majority of

FIG. 7. EGFP–DENTT full-length and deletion fusion constructs
of the amino acid sequence of DENTT indicating four potential nuclea
identified on the left. The subcellular localization of DENTT is ind
denotes predominately nuclear staining. R denotes predominately n
fluorescence was localized to the nucleus, although
some fluorescence was also observed in the cytoplasm
(Fig. 8C). To determine whether the second potential
NLS (NLS-2) in DENTT, consisting of three lysine
residues and one arginine residue at amino acids 344–
347, could affect subcellular localization of DENTT, the
region of DENTT containing amino acids 144–347 was
fused to EGFP to generate the construct EGFP-2 (Fig.
7). When COS-7 cells were transfected with this con-
struct, fluorescence was detected in the nucleus (Fig.
8E). However, unlike the uniform pattern of fluores-
cence that was observed using EGFP-1, the nuclear
fluorescence pattern of EGFP-2 was speckled. Trans-
fection of COS-7 cells with a construct containing only
the third NLS (NLS-3), consisting of three lysine resi-
dues and one arginine residue at amino acids 351–354,
fused to EGFP designated EGFP-3 (Fig. 7), also
showed fluorescence in the nucleus with a speckled
pattern similar to that of EGFP-2 (Fig. 8G). To deter-
mine whether fluorescence from EGFP-1, EGFP-2, and
EGFP-3 localized to the nucleolus, confocal microscopy
was used. Figures 9A and 9B show that fluorescence
from EGFP-1 and EGFP-2 localized only to the nu-
cleus. Confocal microscopy showed a similar nuclear
localization pattern for EGFP-3 (data not shown).
Transfection with construct EGFP-4 containing only
the fourth NLS (NLS-4) at amino acids 628–632, con-
sisting of two lysine residues, one arginine residue, two
glycine residues, and one threonine residue, showed
uniform fluorescence in the nucleus, and, interestingly,
it was excluded from the nucleolus (Fig. 8H).

Since no DENTT NLS by itself showed the same
nucleolar localization pattern that full-length DENTT
did, various combinations of the four DENTT NLSs
were generated to determine the minimum number of
NLSs needed for nucleolar localization of DENTT.

d their subcellular localization in COS-7 cells. Shown is a schematic
calization signals (NLS). The full-length and deletion constructs are

ted on the right. C denotes predominately cytoplasmic staining. N
eolar staining.
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Generation of construct EGFP-5, which contains
NLS-1 and NLS-2, and transfection showed localiza-
tion of fluorescence primarily in the nucleolus, al-
though some fluorescence was also apparent in the
nucleus (Fig. 8I). Confocal localization of fluorescence
to the nucleus and nucleolus from EGFP-5 was also
shown by confocal microscopy (Fig. 9C). Transfection of
EGFP-7 and EGFP-8, which contain NLS-1 in combi-
nation with NLS-4 or NLS-3 and NLS-4, respectively,
showed fluorescence patterns similar to that of EGFP-5
(Figs. 8K and 8L). Confocal microscopy showed local-
ization of fluorescence from EGFP-7 and EGFP-8 in
both the nucleus and the nucleolus (Figs. 9E and 9F).

FIG. 8. Subcellular localization of fusion proteins containing
microscopy. COS-7 cells were transfected with EGFP fused to (A)
(E) DENTT (aa 144 –347) 5 EGFP-2; (G) DENTT (aa 351– 626)
1–347) 5 EGFP-5; (J) DENTT (aa 1– 626) 5 EGFP-6; (K) DENTT
EGFP-8; (M) DENTT (aa 146 – 633) 5 EGFP-9; (N) DENTT (aa 351
COS-7 cells that were transiently transfected with EGFP fused to
of EGFP-FL, EGFP-1, and EGFP-2, respectively. Representative
cence microscopy, and greater than 95% of transfected cells showe
of four independent experiments.
However, EGFP-6, which contains NLS-1, NLS-2, and
NLS-3, but not NLS-4, showed nuclear fluorescence
(Fig. 8J). As with EGFP-7 and EGFP-8, confocal micro-
scropy of EGFP-6 showed localization of fluorescence to
the nucleus and nucleolus (Fig. 9F). Interestingly,
when the amino-terminal portion of DENTT that in-
cludes NLS-1 was deleted to generate the construct
EGFP-9 containing NLS-2, NLS-3, and NLS-4 (Fig. 7)
nuclear fluorescence was exhibited, but fluorescence
was excluded from the nucleolus (Fig. 8M). EGFP-10
was made by deletion of NLS-1 and NLS-2 so that only
the region containing NLS-3 and NLS-4 remained (Fig.
7). Figure 8N shows that transfection of EGFP-10 into

FP linked to portions of the DENTT protein using fluorescence
NTT(aa 1– 633) 5 EGFP-FL; (C) DENTT (aa 1–340) 5 EGFP-1;
EGFP-3; (H) DENTT (aa 356 – 633) 5 EGFP-4; (I) DENTT (aa
1–340, 356 – 633) 5 EGFP-7; (L) DENTT (aa 1–340, 351– 633) 5
3) 5 EGFP-10; (O) EGFP-C2 vector; (P) GFP/SV40-NLS plasmid.

ENTT were also stained with DAPI. (B, D, and F) DAPI staining
ls from transient transfections were photographed using fluores-
epresentative subcellular localization. Results are representative
EG
DE
5
(aa
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COS-7 cells yielded a pattern of fluorescence similar to
that of EGFP-9, with prominent fluorescence in the
nucleus and exclusion from the nucleolus; in addition,
EGFP-10 showed localization of fluorescence in the
cytoplasm. As a negative control, transiently trans-
fected COS-7 cells expressing only the 27-kDa EGFP
protein exhibited fluorescence distributed between the
nucleus and the cytoplasm (Fig. 8O), in agreement
with results reported in other cell lines (Kain et al.,
1995). This distribution of EGFP between the nucleus
and the cytoplasm presumably occurs because of the
small size of the EGFP protein, which allows it to move
freely through the nuclear pores (Jans and Hubner
1996; Schlenstedt 1996; Gorlich and Mattaj 1996). As a
positive control, transfection of the EGFP/SV40 large
T-antigen monopartite NLS fusion protein (Healy et
al., 1999) into COS-7 cells showed nuclear fluorescence
as previously reported (Fig. 8P). Immunofluorescence
microscopy revealed that the transiently transfected
EGFP-tagged DENTT constructs colocalized with DNA
as demonstrated by the DAPI staining patterns shown
in Figs. 8B, 8D, and 8F. Nontransfected cells were
evident by their lack of staining for EGFP and positive
staining for DNA with DAPI.

FIG. 9. Subcellular localization of fusion proteins containing EG
COS-7 cells were transfected with EGFP fused to (A) DENTT (aa 1–
1–347) 5 EGFP-5; (D) DENTT (aa 1–626) 5 EGFP-6; (E) DENTT

GFP-8. Representative COS7 cells from transient transfections w
ransfected cells showed representative subcellular localization. Res
DISCUSSION

TGF-b mediates its mutifunctional effects by elicit-
ing transcriptional responses on numerous target
genes that have been identified in recent years. The
responsive elements in the promoters of some of these
genes have been mapped, and some interacting tran-
scription factors have been identified. For example,
TGF-b has been reported to induce potently transcrip-
tion of plasminogen activator, plasminogen activator
inhibitor-1, and itself (Laiho et al., 1986; Keski-Oja et
al., 1988a,b; Van Obbergehen-Schilling et al., 1988;
Keeton et al., 1991; Jakowlew et al., 1997). It is prob-
able there are other target genes of TGF-b, including
genes that have been already cloned and characterized,
and genes that have not yet been identified, whose
transcription may be affected by TGF-b that may be
important in the cellular processes of normal and tu-
mor epithelial cells.

In this report, we describe the isolation and charac-
terization of a novel human cDNA that we have named
DENTT, whose expression is modulated by TGF-b1.
Previously, we have reported that NCI-H727 cells are
responsive to TGF-b1. NCI-H727 cells showed an in-

linked to portions of the DENTT protein using confocal microscopy.
0) 5 EGFP-1; (B) DENTT (aa 144–347) 5 EGFP-2; (C) DENTT (aa

1–340, 356–633) 5 EGFP-7; (F) DENTT (aa 1–340, 351–633) 5
photographed using confocal microscopy, and greater than 95% of

s are representative of three independent experiments.
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190 OZBUN ET AL.
crease in expression of TGF-b1 mRNA within 6 to 24 h
after exposure to TGF-b1, and we have also shown that
anchorage-independent growth of these cells in soft
agarose is inhibited by TGF-b1 (Jakowlew et al., 1995).
Thus, we have continued to utilize NCI-H727 cells as a
model system for epithelial cancer and have used dif-
ferential mRNA display to identify target genes of
TGF-b1 in these cells. Because we were interested in
identifying target genes of TGF-b1 that may be in-
olved in the induction and/or maintenance of TGF-b-

mediated cellular functions rather than immediate-
early genes, the treatment of NCI-H727 cells with
TGF-b1 was conducted for 24 h. Differential mRNA
display showed that expression of several cDNA frag-
ments was potentially regulated by TGF-b1. Northern
blot analysis was used to confirm that the cDNA frag-
ment identified by differential mRNA display repre-
sented a mRNA whose steady-state level of expression
changed as a result of exposure to TGF-b1.

Our study shows that expression of DENTT mRNA
is modulated by TGF-b1 in NSCLC cell lines that are
esponsive to exogenous TGF-b1. In three of four
SCLC cell lines tested, including NCI-H157, NCI-
727, and NCI-H1299, expression of DENTT mRNA
as elevated after addition of TGF-b1. In these same

cell lines, expression of TGF-b1 mRNA was also ele-
vated in response to TGF-b1 (Jakowlew et al., 1995). In
contrast, DENTT and TGF-b1 mRNA expression was
not affected by TGF-b1 addition to NCI-H838 cells. We
have previously reported that addition of TGF-b1 in-
hibits the anchorage-independent growth of NCI-
H157, NCI-H727, and NCI-H1299 cells in soft agarose,
while anchorage-independent growth of NCI-H838
cells is not affected (Jakowlew et al., 1995). We have
also examined cell anchorage-independent growth in
five additional carcinoid NSCLC cell lines that show a
less than 1.2-fold increase in DENTT mRNA in re-
sponse to TGF-b1. Addition of TGF-b1 to the carcinoid
NSCLC cell lines NCI-H679, NCI-H720, NCI-H835,
NCI-H1435, and NCI-H1734 did not inhibit their an-
chorage-independent growth in soft agarose (data not
shown). Thus, our data show that induction of DENTT
mRNA by TGF-b1 correlates with induction of TGF-b1
mRNA and with inhibition of anchorage-independent
growth of NSCLC cells by TGF-b1. Future studies uti-
lizing antisense DENTT oligonucleotides will be
needed to determine whether DENTT is directly in-
volved in inhibition of anchorage-independent growth
of NCI-H727 cells and other cells. In addition, future
studies will be performed to determine whether
DENTT is an immediate-early target of TGF-b1.

In addition to NSCLC cells, we have demonstrated
that DENTT mRNA can be detected in a variety of
normal human tissues, with the highest level of expres-
sion in brain and testis. This suggests that DENTT
may play a role in normal cell function. Recently, gene
expression of SCLC was profiled and compared to that
of pulmonary carcinoids and NHBE cells using high-
density cDNA arrays. While the overall expression pro-
files of SCLC cells and tumors were shown to be similar
to those of NHBE cells, the expression profiles of SCLC
tumors and NHBE cells were found to be very different
from those of carcinoid tumors (Anbazhagan et al.,
1999). Instead, gene expression profiles showed that
carcinoids were more related to neural crest-derived
brain tumors. In particular, carcinoid tumors were
shown to have a high degree of similarity to two types
of glial brain cancer, oligodendroglioma and high-grade
astrocytoma. Glial cells are thought to be derived from
neural crest cells, as are the Kulchinstky cells of the
bronchi (Nakielny and Dreyfuss, 1999). Since we iso-
lated DENTT from NCI-H727, a pulmonary carcinoid
cell line, and since we see a high level of expression of
DENTT mRNA in normal brain, these observations
also support an association between the carcinoid cell
line and the normal brain tissue. Future studies will be
needed to examine expression of DENTT in neural
crest-derived brain tumors and their derived cell lines
and to determine the possible role that DENTT may
play in these cancers.

The identification of a conserved 191-amino-acid do-
main in DENTT that identifies and defines the TTSN
protein superfamily suggests that DENTT may be a
new member of this family. The TTSN gene family has
been identified only recently, and the function of each
member has become known gradually through bio-
chemical and genetic studies. For example, in addition
to its high affinity for histones and its well-documented
in vitro nucleosome assembly activity (Ishimi et al.,
1987; Fujii-Nakata et al., 1992), the yeast NAP-1 ho-
mologue has been reported to interact specifically with
B-type cyclin Clb2 and to mediate normal mitotic func-
tions in fission yeast and suppress polar bud growth in
budding yeast (Kellogg et al., 1995; Kellogg and Mur-
ray 1995). The SET protein is homologous to NAP-1
and also interacts specifically with B-type cyclins (Von
Lindern et al., 1992). The cyclin B/p34cdc2 complex is the
kinase that controls the transition between the S phase
and the G2 phase in the cell cycle (Norbury and Nurse,
1992). Binding of cyclin B to Cdc2 induces phosphory-
lation of the complex, which leads to its activation at
the G2 to M transition (Cutz, 1982; Enoch and Nurse,
1990). Interestingly, human cyclin B2 has been re-
cently identified to be a direct physical partner of
TGF-b RII (Liu et al., 1999). Cdc2 was demonstrated to
interact indirectly with TGF-b RII via cyclin B2. It has
been postulated that TGF-b may utilize this pathway
to arrest cells at the G1 to S transition by inactivating
cyclin B/Cdc2, which is required for exiting from the
G1/S phase and entering the G2/M phase (Liu et al.,
1999). Members of the TTSN family are localized to the
nucleus and cytoplasm, are shown to bind cyclinB, and
are thought to play a regulatory role in cell prolifera-
tion and/or meiotic differentiation. Since DENTT may
be a new member of the TTSN superfamily, DENTT
may also have a role in cell proliferation or meiotic
differentiation. Future experiments using immunopre-
cipitation with specific antibodies and the yeast two-
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hybrid library screening method will be required to
determine whether DENTT also interacts with such
proteins as TGF-b RII and cyclin B2 or with other
proteins.

The open reading frame of DENTT predicts a nuclear
protein with two coiled-coil regions. Nuclear proteins
have important roles in a variety of processes, includ-
ing transcription, mRNA processing, replication, and
chromosomal organization. Nuclear proteins have in-
trinsic signals that control active transport across nu-
clear pore complexes. These signals, known as NLSs
and nuclear export signals (NES), have been identified
in a variety of nuclear proteins and work in concert
with their cognate transport factors that include the
family of karypherins (reviewed in Scheer and Weisen-
berger, 1994). Full-length DENTT contains one poten-
tial bipartite NLS and three monopartite NLSs. No
NES are predicted to be in DENTT. Using EGFP fused
to full-length DENTT and transfected into COS-7 cells,
we have demonstrated that DENTT localizes to the
nucleolus and the cytoplasm. To determine whether
one or more NLSs were needed for nucleolar localiza-
tion, the subcellular localization pattern of each NLS
alone was studied. EGFP constructs containing NLS-1
showed nuclear and cytoplasmic staining. NLS-2 and
NLS-3 sequences resemble that of mating type II a
(Kalderon et al., 1984), and each EGFP construct
showed a speckled nuclear staining pattern. In con-
trast, the NLS-4 sequence resembles that of SV40 large
T-antigen (Kalderon et al., 1984), and the EGFP con-
struct was evenly distributed in the nucleus and was
distinctly excluded from the nucleolus. These differ-
ences in staining patterns may be due to differences in
the composition of the NLS sequences, may reflect
varying efficiencies of nuclear transport into the nu-
cleus, or may reflect other unidentified protein se-
quences required for proper localization to the nucleo-
lus that were disrupted in the truncated EGFP–
DENTT constructs.

NLS-1 in combination with either NLS-2 or NLS-4
shows localization to the nucleolus. NLS-1 appears to
be necessary for localization of DENTT to the nucleolus
because EGFP constructs lacking NLS1 (EGFP-9 and
EGFP-10) are localized to the nucleus, but are excluded
from the nucleolus. However, NLS-1 is not sufficient
for sole localization of DENTT to the nucleolus, since
EGFP-1, which contains only NLS-1, shows localiza-
tion to the nucleus as well. The nucleolus is the main
site of ribosome biosynthesis and is also the locus
where several viral core proteins transiently accumu-
late during viral replication (Hatanaka, 1991; Johnson
et al., 1998). In addition, it has been proposed that the
nucleolus is a critical site of cellular aging (Quaye et
al., 1996). Also, no known RNA-binding motifs such as
the ribonucleoprotein motif (Burd and Dreyfuss, 1994)
were found in DENTT. A number of possible sequence
requirements for nucleolar localization have been re-
ported for several proteins, including ribosomal pro-
teins L31 and L5, viral proteins Tat and Rev of the
human immunodeficiency virus, nucleolin, nucleophos-
min, and the transcription factor mUBF (Johnson et
al., 1998; Michael and Dreyfuss, 1996; Lapeyre et al.,
1987; Chan et al., 1989; Maeda et al., 1992). However,
no consensus motifs for nucleolar localization have
been identified thus far, and the mechanisms of nucle-
olar localization are unclear. Studies to identify other
DENTT interacting proteins will need to be performed
to gain insight into the role of DENTT in the nucleus
and nucleolus.

In recent years, several novel nuclear genes have
been identified using a variety of methods. During the
cloning and characterization of DENTT, genes encod-
ing nuclear localization signals have been identified. In
one such report, an engineered nuclear export signal-
containing transcription factor that is excluded from
the nucleus was used with a reporter gene to provide a
selection process in yeast to identify and enrich for
cDNAs encoding nuclear targeted proteins. Using this
nuclear transportation trap system (NTT), a number of
previously reported and novel nuclear localized pro-
teins were identified. The nucleotide sequence of one of
the nuclear localized proteins that was identified using
the NTT system was compared to DENTT and showed
identity (Ueki et al., 1998). The only reported charac-
terization of this nuclear localized protein concerned
its localization to the nucleus. The nucleotide sequence
of this nuclear localized protein (GenBank Accession
No. BAA34802) was identical to DENTT, but lacked
the first 600 nucleotides corresponding to 147 amino
acids at the amino terminus of DENTT. Because the
bipartite NLS of DENTT is located within the initial
142 amino acids of the DENTT protein, NLS-1 was
missing from this initial report (Ueki et al., 1998).

ince the region of DENTT containing NLS-1 is an
mportant component for localization of DENTT to the
ucleolus, its absence explains the lack of nucleolar

ocalization of this shorter DENTT. Our study clearly
hows that DENTT localizes to the nucleolus and cy-
oplasm and that NLS-1 is required for nucleolar local-
zation. Our data suggest that this novel TGF-b1 tar-

get gene has distinct domains for direction of the
protein to different subnuclear locations. Additional
studies will be required to characterize the role
DENTT plays in the nucleolus and to determine the
role that DENTT plays as a target gene of TGF-b1.
Moreover, it will be important to determine whether
DENTT has a role in TGF-b1-mediated inhibition of
anchorage-independent growth.
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