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Cloning of a Growth Arrest-Specific and Transforming Growth
Factor p-Regulated Gene, TI 1, from an Epithelial Cell Line
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By cDNA cloning and differential screening, five genes that are regulated by transforming growth factor
(TGFI) in mink lung epithelial cells were identified. A novel membrane protein gene, TI 1, was identified which
was downregulated by TGF(3 and serum in quiescent cells. In actively growing cells, the TI 1 gene is rapidly
and transiently induced by TGFI3, and it is overexpressed in the presence of protein synthesis inhibitors. It
appears to be related to a family of transmembrane glycoproteins that are expressed on lymphocytes and tumor
cells. The four other genes were all induced by TGF(3 and correspond to the genes of collagen a type I,
fibronectin, plasminogen activator inhibitor 1, and the monocyte chemotactic cell-activating factor (JE gene)
previously shown to be TGF( regulated.

Cell growth is believed to be controlled by a complex
balance of stimulatory and inhibitory factors. Among factors
with dual effects, transforming growth factor Pi (TGFP)
constitutes a family of pleiotropic cytokines with physiolog-
ical importance. Three different forms of TGFP have been
identified in mammals, and homologs have been found in
evolutionarily distant species (for a review, see reference
27).
TGF,B is a strong inhibitor of proliferation of most epithe-

lial, endothelial, and lymphoid cells, whereas it stimulates
growth of mesenchymally derived cells, probably through
induction of platelet-derived growth factor (4, 23). In addi-
tion to its role in cell proliferation, TGF, has been impli-
cated in early embryo development, immunomodulation,
stimulation of angiogenesis, and wound healing (41, 51; for a

review, see reference 31). TGFP obviously regulates expres-
sion of many genes, including those coding for extracellular
matrix proteins, proteases, protease inhibitors, and acute
phase-proteins (22, 25, 29). More directly, TGF( can also
induce expression of some serum-induced early genes; how-
ever, the expression pattern is not always related to growth
control (36, 46, 49).
Reduction of myc gene expression and posttranslational

modification of the retinoblastoma gene product have both
been proposed as possible ways for TGFP to exert its
growth-inhibiting effect (21, 37, 38; for a review, see refer-
ence 30), although these events are not observed in all cell
lines, indicating that TGF( may act through several different
pathways in inhibiting cell growth (40).

Although little is known about the mechanism of growth
arrest by TGF,B, it is well documented that microinjection of
mRNA from arrested cells into growing cells can induce
growth arrest, suggesting that growth arrest may be medi-
ated by specific mRNA species expressed during arrest (24,
35). One such cDNA has recently been cloned (32). Entry
into quiescence or the Go phase is furthermore accompanied
by the expression of a complex set of genes. From growth-
arrested mouse fibroblasts, six genes, termed growth-arrest-
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specific (gas) genes 1 to 6, were isolated whose mRNAs
accumulated when cells exit from the cell cycle (44). An-
other, apparently nonoverlapping, set of five genes termed
gadd genes induced after exposure of cells to UV irradiation
also proved to be specifically expressed in the Go phase (12).
To better understand the mechanism of the TGFP re-

sponse, we isolated and characterized TGFP-regulated
genes in growth-arrested mink lung epithelial cells.

MATERIALS AND METHODS

Tissue culture. The TGFI-sensitive mink epithelial cell
line CCL64 (21) was maintained in Dulbecco modified Ea-
gle's medium with 10% fetal calf serum (FCS), penicillin,
and streptomycin. The cells were passaged twice weekly by
trypsinization and reseeded at a 10-fold dilution. For induc-
tion of quiescence and preparation of RNA, cultures were

grown in 24- by 24-cm plates (Nunc, Roskilde, Denmark).
After 3 days, the confluent cultures were shifted to fresh
medium with 0.5% FCS and incubated for 2 additional days.
Cells harvested at this point are termed arrested. TGFP-
treated cells were obtained by further incubation for 24 h in
the presence of human TGFpi1 (1 ng/ml; R & D Systems,
Minneapolis, Minn.). Serum-stimulated cells were obtained
by exposure of arrested cells to 10% FCS for 4 h. DNA
synthesis was scored by incorporation of bromodeoxyuri-
dine for 6 h and detecting the incorporated nucleoside by a

monoclonal antibody (Partec, Arlesheim, Switzerland) as

previously described (26). Cycloheximide treatment of ar-

rested cells was performed by treatment with cycloheximide
(10 ,ug/ml), TGFp1 (1 ng/ml), or a combination of the two.

Preparation ofRNA and Northern (RNA) blots. For harvest
of cells, the medium was aspirated and the cells were washed
twice in phosphate-buffered saline, lysed in guanidine thio-
cyanate, and loaded onto a cushion of 4 ml of 5.7 M CsCl-1
mM EDTA in SW40 tubes (6). Total cellular RNA was

pelleted by centrifugation at 33,000 rpm for 18 h; the pellet
was resuspended in 10 mM Tris HCl (pH 7.5)-l mM EDTA-
0.5% sodium dodecyl sulfate, extracted with phenol once,
and precipitated with ethanol. Poly(A) mRNA was prepared
by passage over oligo(dT)-cellulose twice, and RNA was

resuspended at a concentration of around 1 mg/ml in sterile
distilled water. For Northern blot analyses, 10-,ug aliquots of
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FIG. 1. Northern blot hybridization analysis of RNA from
CCL64 cells harvested daily for 1 to 5 days (d) after passage as
indicated in panel A. On day 3, the cultures were shifted to medium
with 0.5% FCS, leading to arrest ofDNA synthesis. After 2 days in
low serum, the cells were fed with fresh medium containing lo0
FCS, and cells were harvested 1, 2, 4, or 6 h later, as indicated in
panel B. The blots were probed with the cDNA clone for the TI 1
gene and with the JE gene as a control. C corresponds to a mink
cDNA clone hybridizing with an 800-bp mRNA, the expression of
which was only moderately affected by cell growth or TGFP
exposure.

total cellular RNA were denatured with formamide and
formaldehyde and then loaded onto 1.4% agarose gels. The
RNA was transferred onto GeneScreen Plus hybridization
membranes (Du Pont, Wilmington, Del.), and hybridization
was performed as recommended by the supplier.

Construction and screening of cDNA libraries. cDNA was
synthesized from 2.5 ,ug of poly(A)+ mRNA from TGFP-
treated cells, using an oligo(dT) primer as previously de-
scribed (14, 15). The cDNA was adapted with EcoRI linkers
and subcloned into lambda gtlO arms (Stratagene, La Jolla,
Calif.). The library contained about 4.5 x 105 recombinants
and had an average insert size of about 1 kb (library I).
Before screening, the library was amplified in Escherichia
coli C600hfl. Screening was performed in E. coli C600. A
second library was prepared with a directional cloning
strategy (15) and cloned in plasmid pUEX (47). This second
library had about 2.5 x 105 recombinants and an average
insert size of 1.4 kb. A third library was prepared in lambda
gtlO from CCL64 cells that after 36 h of culture were treated
with TGF3 for 2 h in the presence of 10% FCS. This library
contained about 105 recombinants, and about 2 x 104 phages
were used for screening.
For screening, an aliquot of the amplified library I was

plated at a density of 800 PFU/150-mm petri dish. A total of
10,000 plaques were screened. Two lifts were made from
each petri dish, using nylon membranes (Duralon; Strata-
gene). The first lift from each plate was probed with a
single-stranded cDNA probe from serum-stimulated CCL64
cells; the second lift was probed with cDNA from TGFP-
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FIG. 3. Northern blot analysis of the effect of TGFP on expres-

sion of the TI 1 gene in growing cells in the presence of 10o FCS
(see Materials and Methods). Cells were harvested at the indicated
hour after addition of TGFP. The JE, PAI 1, and C clones were

included as controls.

treated cells. Plaques that specifically hybridized with the
cDNA probe from TGFP-treated cells were isolated and
rescreened twice. Inserts from purified lambda phages were
excised with EcoRI and subcloned into the Bluescript pKS
M13+ vector. Purified subcloned inserts were labeled (11)
and used for cross-hybridization of all phages isolated and
for probing of Northern blots with RNA from TGFf-treated,
arrested, and serum-stimulated CCL64 cells. Clones that
specifically hybridized with RNA from TGF,-treated cells
were sequenced from both termini.

Subcloning, DNA sequencing, and sequence comparison.
Dideoxy DNA sequencing was performed with use of a

Sequenase kit (U.S. Biochemical, Cleveland, Ohio) or an
automated sequencing protocol (20). The TI 1 clone was

subcloned at seven unique sites in the 5' half of the insert.
The 3' half of the clone was sequenced by using walking
primers. Sequence analysis and comparison were performed
with the University of Wisconsin Genetics Computer Group
sequence analysis software package (9, 34).
Primer extension. A total of 105 cpm of 32P-labeled primer

complementary to positions 230 to 276 of TI 1 was annealed
to 5 jig of poly(A) RNA from CCL64 cells in 40 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH
6.4)-0.4 M NaCI-1 mM EDTA-80% formamide for 16 h at
37°C, precipitated with ethanol, and resuspended in 20 ILI of
reverse transcription buffer. The annealed primer was ex-
tended at 42°C for 1 h with RNase H- mouse mammary
tumor virus reverse transcriptase (Bethesda Research Lab-
oratories, Bethesda, Md.). After RNase treatment, phenol-
chloroform extraction, and ethanol precipitation, one-third
of the reaction was analyzed on a 6% acrylamide-urea gel
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FIG. 2. Northern blot analysis of the effect of TGFI3 on expres-

sion of the TI 1 gene in arrested CCL64 cells. Cells were harvested
at the indicated hour following addition of TGF, (1 ng/ml). The JE,
PAI 1, and C clones were included as controls.
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FIG. 4. Northern blot analysis of the effect of cycloheximide on
the expression of two TGF3-regulated genes in arrested CCL64
cells. Cells were grown to saturation density and shifted to low
serum as described in the legend to Fig. 1. Cycloheximide at 10
,ug/ml (C), TGF, (T), or a combination of the two (C/T) was added,
and cells were harvested at the indicated hour after addition of the
reagents. The JE and TI 1 clones were used as probes.
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10 30 50 70
ArT C&CA_CAA&TCCCGACAATGGCGAAAGAT

M A K D

90 110 130 150
aCTCC STCTTCGTTGCTT A CT G&TTTTTGCGAAATGTG&TTGTTGGTATGTGCGGCATCGCCCTGACCGC

D B8 V R C F Q a L L I F G N V I V G M C G I A L T A

170 190 210 230
AGAQTGC-TCTTCSTCGTTCGTCTCACCAGCACAGCCTCTACCC TTQCTTGAAGCCACCGACAACGATGACATCTACGQGG
Z C I F F V S D Q B S L Y P L L E A T D N D D I Y G A

250 270 290 310
C&CACTQANTTQCATGTTTCQCAlCTQCCITCTT CTGTCCGQTCTAGGCATTGTAGGCATCATGQAGTCC&AC
a W I a M F V G I C L F C L 8 V L G I V G I M K S N

330 350 370 390
AGGaAA&TTCTTCTQ C GTTAT TATATGGCTTTGRAGTQGCATCTTQTATCACAGCAGCAAC
R X I L L A Y F I L M F I V Y ¢ F E V A S C I T A A T

410 430 450 Kpud 470
ACAACG&GACTTCTTCACA CCcAACCTCTTCCTG&&GCGA_TaCGrAr&QGGTACCAAAACAATAXCCCTCCAAJCAATG
Q R D F F T P N L F L Q M L E R Y Q N N S P P N N D

490 510 530 550
ATGaCCAATGQAAAAATAATQAT GTCACC GACTTGGGCCTCAT CTCCAQGGCCACTGCTCGTCAATGGC

D Q W K N N G V T K T W D R L M L Q D 8 C C G V N G

570 590 610 630
CCGTCAGACTGGCAQ&GATACACATCTGCCTTcGGQCTQCQRAThATGATGCCGACTATCCCTQGCCTCGTCAGTGCTG
P 8 D W Q R Y T 8 A F R T A N N D A D Y P W P R Q C C

650 670 690 SinI 710
TATQ&AQAGTCTCGAACCTCTC&ATGTGrAGGCCAAGCTAQG&GTCCCGGGTACTATC&CAAAG&GGa;T
V M N S L X E P L N V E A C X L G V P G Y Y H I E G C

730 750 770 790
GCTTGaACTCATCTCTGCTCCCATGACCGCACGCCTQGGGGGTTCCTGCTGG&CA

Y Z L I 8 G P M N R 8 A W G V A W F G F A I L C W T

810 K 1 830 850 870
-"TTGGOTTCTCCTGOQTACCATGTT CACCACACCATCTTC
F W V L L G T M F Y W S R I Z Y

890 910 930 950 Apl
CTCC 7TcGQCCCGCATT CCCQCTGCCCCGOGGGCCCTGTGcCC

970 990 1010 1030
TTACTCCACTGCCTC_CCTCACTA OG CAGTCTGGTCT

1050 1070 1090 1110
CGGOTACTC GCA C T ACT CT

1130 l1S0 1170 1190
TTTTAA_TTG_QQMCAAAGLCTTCC CTGTGT7ATCTCAGCAAGCCAAGTCTGTLTTTGCACAGCAAGGTT

1210 1230 1250 1270
ACTCCCTG CTTTCT GCTCTTGCCCCGGGGTGAIGATTAA

1290 1310 1330 1350
GQAAAAAATTGCTQ&Q& QCTTTGGCCZTTGTTCTATQQTGQCTTCCATCTACACAQ&TTCA&GTTGATTcCGTTGA

1370 1390 1410 1430
CTGQCCCTTGTGTTC_ CAGAGTTAATAGTQGTTGAAACTTCCTCTC&G&CA

1450 1470 1490 1510
TCQGC GTG&%CCCAC.TwATTTA&GCTCCCTTCTCCCAT7TATTCCTTTThCTGTCAAATATTTCTCTCTGAACTATG

1530 1550 1570 1590
TTCx'JS-%;AXQCIX?T C& TGT CA AA QC TA_ G

1610 1630 1650 1670
TMAWWCQQQCQOQQT&CCCC1TCCTCCX CT QG_

1690 1710 1730 1750
ATCGACTCCCCCGKTCTTTCaC:GrACCTCTTCCtCTTC CTGCCTGCTCTCTACCTAOCT

1770 1790
GTITCTCTCTCTQTCAATA AnLTaa(A)n

FIG. 5. DNA and predicted protein sequence of the TI 1 cDNA clone. The positions of the triple polyadenylation signals are indicated by
a horizontal bar. Some of the restriction sites used for subcloning are indicated.

with a sequencing reaction, using the same oligonucleotide
and the TI 1 clone as a marker.

Cloning of the 5' end of TI 1. The product of the primer
extension was dC tailed with terminal transferase (Boehr-
inger, Mannheim, Germany) and amplified by 35 cycles of a
polymerase chain reaction (94°C for 1 min; 50°C for 1.5 min;
72°C for 1.5 min), using an oligonucleotide complementary
to positions 69 to 86 of the TI 1 sequence and oligo(dG) as
primers. After filling in and kinasing, DNA of approximately
100 bp was separated from the primers on a 1.5% low-

melting-point agarose gel, cloned into SmaI-cut pKSM13+,
and sequenced.

Nucleotide sequence accession number. The sequence of TI
1 cDNA has been submitted to the EMBL/GenBank/DDBJ
data banks under accession number M64428.

RESULTS

Genes specifically expressed in growth-arrested and TGFP-
treated cells. For the isolation of TGFP-regulated genes,
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FIG. 6. Primer extension analysis of TI 1 RNA. E, extended
primer (see arrow); P, unextended primer which has migrated out of
the gel; SEQ, sequence of TI 1 with the same primer (ACGT).

cDNA library I was prepared in lambda gtlO. The RNA was

from mink lung epithelial cells that had first been arrested by
exposure of confluent cultures to low serum for 48 h and then
exposed to TGF, at 1 ng/ml for 24 h in the same medium. In
the TGFP-treated cells, 0.1% of the cells incorporated bro-
modeoxyuridine into DNA, whereas the corresponding fig-
ure for arrested cells was around 1% (not shown). This
library was differentially screened with a total cDNA probe
from TGF,-treated cells and a probe from serum-stimulated
cells. By differential screening of 10,000 plaques, 32 clones
that preferentially hybridized with cDNA from TGFP-
treated cells were recovered. Following subcloning into the
Bluescript pKS M13+ plasmid and cross-hybridization, pu-

rified cDNA inserts were used to probe Northern blots of
RNA from arrested, serum-stimulated, and TGFP-treated
cells. cDNA that specifically hybridized with RNA from
arrested or TGFP-treated cells was further examined by
DNA sequence analysis and additional Northern blot analy-
ses.

Seven cross-hybridizing clones detected a 5-kb mRNA
expressed at high levels in TGFI-treated cells. Upon DNA
sequencing, one of them was found to be similar to human
fibronectin mRNA. Another clone with a similar expression
pattern was similar to collagen a type I mRNA. The fi-
bronectin and collagen clones were not studied further since
it has been amply demonstrated that TGF, induces both
collagen and fibronectin mRNA (for references, see refer-
ence 27). Likewise, two clones were isolated which upon
sequencing were found to be identical to the plasminogen
activator inhibitor 1 (PAI 1) gene (25) and the JE gene (42),
respectively. The former clone was isolated by screening the
third library prepared from RNA of rapidly growing CCL64
cells that had been treated for 2 h with TGF,. Both RNAs
were induced by TGFP and used as internal controls in
Northern blot analysis.

Finally, two cross-hybridizing clones hybridized with a
1.8-kb mRNA in arrested cells. The larger of these clones (TI
1), 1.4 kb in length, was used as a probe in subsequent
Northern blot experiments.

Expression pattern of the TGFj}-regulated TI 1 gene. To
determine how the TI 1 gene was affected by growth
condition and TGF, treatment, three different experiments
were performed.

In the first type of experiment, the effect of serum starva-
tion was analyzed. RNA was harvested daily for 5 days after
reseeding of the cells. After day 3, the cultures were con-
fluent and the cells were shifted to fresh medium containing
0.5% FCS. After day 5, the cultures were shifted back to
fresh medium with 10% FCS, and cells were harvested after
1, 2, 4, and 6 h. The relatively abundant 1.8-kb mRNA
detected by the TI 1 probe accumulated as the cells became
confluent and remained at high levels after the shift to low
serum. Addition of serum after 2 days in low serum resulted
in a rapid decrease of RNA to a basal level which remained
constant for the next 6 h (Fig. 1). A parallel blot (Fig. 1)
probed with the JE clone as a control identified a 0.8-kb
mRNA which was detectable at low levels during establish-
ment of confluence. The shift to 10% FCS led to a sharp
increase of mRNA which peaked after only 1 h and then
slowly declined.

In a second experiment, TGFI was added to the cultures
after 2 days in low serum (day 5), and the cells were
harvested 1, 3, 6, 12, and 24 h later. Addition of TGF, led to
a gradual reduction of the TI 1 mRNA, reaching a steady-
state level after 12 h (Fig. 2). In contrast, the JE mRNA,
present at low levels in control cells, remained unchanged
for the first hours in TGF,B. This mRNA increased in
abundance between 3 and 6 h and remained unchanged
thereafter (Fig. 2). The PAI 1 clone, which was isolated from
a cDNA library prepared from mRNA of actively growing
TGF,-treated cells, identified a 3.5-kb mRNA that reached
its highest abundance after only 1 h of TGFP exposure and
then declined within 24 h to the level before addition of
TGF, (Fig. 2).
To establish whether the effect of TGF, observed in Fig.

2 was associated with the quiescence of the cells, a third
experiment was performed with actively growing cells.
TGF, was added 36 h after passage, and the cells were
harvested at various times thereafter. Figure 3 shows that
the TI 1 mRNA which was inhibited by TGF, in arrested
cells (Fig. 2) was transiently induced by TGF, in growing
cells, and maximal expression was observed 3 to 6 h after
addition. After 24 h with TGF,, the level of TI 1 expression
had returned to the low levels observed before addition (Fig.
3). Expression of the JE mRNA was higher than in arrested
cells (Fig. 1), with maximal induction after 1 h followed by a
gradual decline (Fig. 3). The effect of TGF, on the PAI 1
mRNA in growing cells followed the same time course as in
arrested cells.
To determine whether the effect of TGFP on expression of

the TI 1 gene is dependent on ongoing protein synthesis,
arrested cells were treated in the absence and presence of
cycloheximide at 10 ,ug/ml (Fig. 4). The downregulation of TI
1 expression in arrested cells was partially blocked by the
addition of cycloheximide (Fig. 4). The JE mRNA was
induced by cycloheximide alone, without addition of TGFP
as previously demonstrated (42).

Sequence comparison of the TGFO-regulated genes. The
original TI 1 (1.4 kb) clone subcloned into Bluescript was
sequenced from both termini, as were the subfragments
generated by cleavage with KpnI, SmaI, and Apal (Fig. 5).
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- - - - - - - - - - - - - K G P D D Y R G N V P A S C K - - - - - - - - - - E E N L T YT E G C V S
- - - - - - - - - - - - - R V P D S C C I N V T V G C G I N F - - - - - - - N E K A I H K E G C V E
- - - --- - - - - - - - - - - - - - - - - - - S G P P A S C P - - - - - - - S D R K V - -|E G C|Y A
S T I L D K V I L P Q L S R L G H L A R S R H S A D I C A V P - - - - - - - A E S H I RRE G CIA Q
S L S V R K G F C E A P G - - - - - - - - - N R T Q S G N H P - - - - - - - E D W P V YQLEG C M E
R Y L V D G V P F S C C N P S S P R P C I Q Y Q L T N N S A H Y S Y D H Q T E E L N LL L RIG CIR A

46
49
43
42
41
44
46
44
50

96
99
93
92
91
90
95
93

100

146
143
138
131
132
131
139
136
147

184
168
163
146
162
153
188
183
196

219
191
195
173
192
171
231
217
246

TII L I S G PiN R H A W G V A W F G F A I L C N T FN V LLG T M F Y W S R I E Y - - - - 259
Tapa-1 K I D D L F S G Y L I G I A A I VA V I M I F E I L S M VfL C C G I R N S S V Y - - - - - - 235
Co-029 F I K D F L A KNLI IV I G I S F LA V I[j I LG L V F S M V L Y C Q I G N K - - - - - - - 236

Sm23 V F G A F L K R NLV I V A C V A F GFC F FIL L S I V I A C C L G R Q I K E Y E N V - - - - - - 217
Me4491 K I G G N L R K N V L V V A A A A L G A F V E V L G I V F A C C L V K S I R S G Y E V M - - - - - 237
Cd53 K A R L W H S N F L Y I G I I T I C V C V I E V L G S F A L T L N C Q ID K T S Q T I G L - - - 218
Cd37 G L Q KL H NN L I S I V G I C L V G L L E L G F T L S I F L C R N L D - H V Y N R L A R Y R 280

R2 K V Q A WL'Q E N L G I I L G V G V G V A I I E LnG MV L S I C L C R H V H S E D Y S K V P K Y - 266
Rds A L L N YYS S L N S M G V V T L L N L F E V S I T A G L R Y L H T A L E S V S N P E D P E C E 296

FIG. 7. Sequence alignment of the p28 protein encoded by the TI 1 cDNA clone and the family of related transmembrane glycoproteins.
Co-029, colon tumor antigen (48); Me491, melanoma-associated antigen (16); Sm23, antigen from S. mansoni (52); CD37 (8), CD53 (2), R2 (13),
and Tapa-1 (33), leukocyte antigens; Rds, protein encoded by a gene responsible for the retinal degeneration slow phenotype in mice (50).
Amino acid identities and conservative substitutions are boxed.

An open reading frame extending 380 bp into the 5' end was
identified, and the 3' end carried a 47-bp poly(A) tail. Two
larger clones were isolated from a cDNA library in plasmid
pUEX from TGF,-treated cells. The larger of these clones
was completely sequenced, and about 400 bases were se-
quenced for the shorter clone. The sequence of the full-
length clone of TI 1 (1,807 bp) is shown in Fig. 5. An open
reading frame starts at base 69 and ends at base 848,
followed by 951 bp in the 3' untranslated region and then a
poly(A) tail. Since the initiator methionine at base 69 is not
preceded by a stop codon, we analyzed whether we had
obtained a full-length TI 1 clone. Primer extension using an
oligonucleotide complementary to bases 230 to 276 of TI 1
was carried out. As shown in Fig. 6, the extension gives one
major band corresponding to the first nucleotide in TI 1. In
addition, the sequence of the 5' end was confirmed by
cloning the product of the primer extension by PCR and
sequencing (data not shown).

The open reading frame codes for a hypothetical polypep-
tide of 260 amino acids with a molecular weight of ca. 28,500
(referred to as p28). The predicted p28 protein has an
unusually balanced amino acid composition but has a rela-
tively high (5%) cysteine content, including two cysteine
doublets. Near the C terminus and at residues 60 to 100,
clusters of hydrophobic amino acids are found. Charged
residues are dispersed over the N-terminal 60 amino acids
and residues 101 to 229. A potential site for N-linked
glycosylation is found at residues 130 to 132.

Structural relationship between the hypothetical protein
encoded by the TI 1 cDNA and a family of transmembrane
glycoproteins. The sequence of the putative protein (desig-
nated p28) encoded by the TI 1 mRNA was compared with
entries in the EMBL (release 26) and PIR (release 27)
sequence libraries with the program FASTA (34). The search
revealed a family of related transmembrane proteins, among
them the membrane-bound glycoprotein Me491, which is
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FIG. 8. Plot of amiino acid sequence number versus membrane buried-helix parameter for each residue (see reference 28 for method) of
TI 1 (solid line) and the average values of the other members (excluding Rds) of the glycoprotein family (dashed line). Bars indicate positions
of gaps introduced into the sequences in the alignment.

expressed in carcinomas and particularly in the early stages
of melanomas (16), the colon-associated tumor antigen Co-
029 (48), the Schistosoma mansoni antigen Sm23 (52), and
the leukocyte antigens CD53 (2), CD37 (8), R2 (13), and
Tapa-1 (33). A more sensitive sequence comparison method
(Profilesearch of the University of Wisconsin Genetics Com-
puter Group program package) using only conserved regions
in the alignment of the protein family detected a more distant
homology to the bovine, murine, and rat Rds (retinal degra-
dation slow) proteins (50). This homology has not been
demonstrated previously. As shown in Fig. 7, identical and
similar residues are clustered in four regions. Further anal-
ysis by the sensitive sequence comparison method (3) con-
firmed the significance of the relation of the individual family
members (data not shown).

Similarities were striking when we compared plots of
buried-helix parameter (28) between TI 1 and other members
of the glycoprotein family, showing strict conservation of all
four putative transmembrane domains (Fig. 8). The potential
N-linked glycosylation site in TI 1 is conserved in the same
region of Co-029, Me491, CD53, and R2.

DISCUSSION
Several cytokines, such as interferons, TGF,B, and tumor

necrosis factor a, are antiproliferative for some cell types.
Each cytokine regulates several induced and suppressed
genes, of which only a small fraction have been isolated. It
remains unclear whether any of the known cytokine-regu-
lated genes relate to growth suppression. However, a subset
of these genes, or other similar, not yet identified genes, may
play an important role in negative growth regulation. The
antiproliferative action of alpha interferon in B-cell lines is
blocked by the expression of the Epstein-Barr virus immor-
talizing gene EBNA 2 (1). This function of EBNA 2 seems to

be mediated through its ability to block the induction of
interferon-induced genes at the transcriptional level (17a).
Because of the inherent difficulty in specifically cloning
genes that act in an antiproliferative fashion, the mechanism
of growth arrest is largely unknown. Decreased expression
of c-myc is, however, related to the antiproliferative effect of
interferon (19), and recently it has been demonstrated that
TGFP-induced growth arrest may be associated with a
moderate reduction of c-myc expression (37). A posttrans-
lational effect on the retinoblastoma protein has also been
proposed (21, 38). During the preparation of this report,
Howe et al. (17) showed that TGFI induces G1 arrest in
CCL64 cells and that TGF, blocks the phosphorylation of
the mink homolog of yeast p34cdc2. Again, a posttransla-
tional control may be involved.
The intention of this work was to isolate genes that are

associated with the induction of growth arrest by TGF,B in an
epithelial cell line. Three of the genes identified, those for
fibronectin, collagen, and PAI 1, are known to be upregu-
lated by TGF, in human lung fibroblasts (27). However, in
these cells, maximal induction of PAI 1 is observed after 10
h and expression remains high after 2 days (25). In the mink
cell homolog, a transient induction is observed (Fig. 2 and 3).
It is, however, still unresolved whether matrix proteins and
protease inhibitors play a role in growth regulation.
The JE cDNA clone isolated contained several small open

reading frames but showed an overall homology of 75% with
the human monocyte chemotactic and activating factor (JE)
gene (43), which is transiently expressed following cytokine
stimulation (42). Compared with the human sequence, the
mink JE clone had two inserted sequences and thus appears
to represent an incompletely processed JE mRNA. Our JE
clone had a structure surprisingly similar to that of a human
gamma interferon-induced gene called gamma 1 (10), which
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is 98% homologous to the JE cDNA clone. The hypothetical
mink protein was 83% similar and 72% identical over 80
residues to the human protein. Thus, the gamma 1 cDNA is
probably an unspliced precursor of the JE transcript (45).
The JE gene is obviously regulated by many factors, not all
able to stimulate cell growth. Its expression may, however,
relate to the chemotactic properties of TGF, (39, 51).
The regulation of expression of the TI 1 clone is interest-

ing. It is induced 3 to 6 h after addition of TGFP in growing
cells, corresponding to the intermediate time of induction of
growth arrest in CCL64 cells by TGFP (Fig. 3). Its expres-
sion is lower in actively growing cells than in quiescent cells,
in which its expression is downregulated by serum stimula-
tion (Fig. 1). Expression of the TI 1 gene is also downregu-
lated by TGFi in quiescent cells (Fig. 2). Previously isolated
genes that are negatively regulated by TGF, include those
encoding extracellular proteases such as transin, urokinase,
elastase, and collagenase but also genes such as the prolif-
erin gene and c-myc (18, 30). These genes have a common
regulatory element, and inhibition of the transin gene seems
to be mediated by afos-binding sequence (18). The TI 1 gene
therefore seems to be similar to the recently described
mouse gas genes (44), which accumulate in quiescent cells
and are rapidly downregulated by serum. All but one of the
gas genes are regulated by a posttranscriptional mechanism
(7). None of the gas genes are expressed in epithelial cells,
and thus it appears that TI 1 is a candidate for an epithelial
gas-like gene. The TI 1 open reading frame shows homology
with eight members of a family of transmembrane glycopro-
teins expressed on leukocytes and several types of tumor
cells. Although very little is known about their function, the
Me491 antigen might possibly serve as a rapid-growth-
inhibitory gene (16). Moreover, Tapa-1, expressed on hema-
topoietic, neuroectodermal, and mesenchymal cells, is the
target of an antiproliferative monoclonal antibody (33). The
expression of CD37 is high in resting B cells but is rapidly
downregulated following induction of mitosis and differenti-
ation with phorbol esters (5). Clearly, at least some members
of the TI 1-related gene family are expressed at growth
arrest. Given the similarity between these proteins, they
may have similar functions. Further experiments are re-
quired to evaluate a possible causative role of the TI 1
protein in growth regulation.
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