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Abstract
Expression
(RH)

of transforming

is required

growth factor 13(TGF43) receptor

for the growth-inhebitory

effects

ating epithelial cells. TGF-j3 Ril mutations

of TGF-fi

type II

on prolifer

have been identified in a broad

cancer cell line was investigated by infecting these cells with retroviral
construct (MFG) expressing TGF-fi RH. The SNU-638 cell line displays

the DNA replication error phenotype and encodes a truncated, inactive
TGF-fi RI! protein. Infection of these cells with retroviral constructs
expressing

wild-type TGF-fi 1111led to significant

increases

in TGF-fl RI!

mRNA and protein expression. These cells responded to exogenous TGF4J
with reduced proliferation compared to that of control cells infected with
retroviral

vector expressing

chloramphenicol

acetyltranferase.

Addition

inhibition

may therefore

represent

a threshold-achieving

event deter

mining the rate of progression of a gastric tumor toward malignancy.
TGF-@ plays an important role in many critical celiular processes,
inciuding regulation of the cell cycle, differentiation, and extraceilular
matrix synthesis (3, 4). One of its most prominent activities is inhi
bition of celi proliferation. Biological activity of TGF-/3 is mediated

of TGF-@-neutralizingantibodies led to increased proliferation of wild

through

type

RI and 1UI proteins (5â€”8).Both RI and Ru present transmembrane

TGF-fi

RII.expressing

SNU-638

cells

but

had

no

effect

on

control

binding

to a heteromeric

receptor

complex

comprised

of both

cells. The latter finding suggests that TGF-@acts in an autocrine fashion

serine/threonine

to inhibit cell proliferationin SNU-638cells. When transplantedinto

begins with the binding of TGF-@ ligand to RI!, which then allows

athymic

nude

mice,

wild-type

TGF-@3

1111-expressing

SNU-638

cells

showed decreasedand delayed tumorigenicitycomparedwith control
cells. This study suggests a strong association between the expression of
wild-type

TGF-1J RI! and the degree

of malignancy

in human

gastric

cancer cells.

Introduction
The molecular events of gastric carcinogenesis constitute a multi
step pathway that, analogous to the well-described model for colon
cancer (1), involves the sequential mutation of various oncogenes and
tumor suppressor genes. Mutation of the p53 gene, commonly ob
served in many different human malignancies, is considered a rela
tively late step in carcinogenesis and has been identified in four of six
human gastric cancer cell lines previously studied by our group (2).

More recently, the prevalence of TGF-j3'@RH mutations in several

cooperative

kinases

binding

(5, 7). The accepted

mechanism

of action

to RI.

Transphosphoryiation of RI by Ru then allows the signaling path
way to proceed. Because of the prominent role played by TGF-f3 in
the reguiation of ccii growth and differentiation, it has been predicted
that defects in the TGF-/3 receptor system would be identified as a
principal cause of TGF-j3 resistance. This prediction has been borne
out by the discovery of absent or deficient TGF-f3 receptor expression
in a large number of malignant cell lines resistant to TGF-f3 (2, 9â€”11).
For example, most tumors derived from epithelial tissue, as weli as
osteosarcoma

and lymphomas,

express

markedly

reduced

levels

of

TGF-@receptor proteins and demonstrate resistance to TGF-@3-medi
ated growth inhibition (2, 9â€”12).
The discovery that hereditary nonpolyposis coion cancer ceils pos
sess defects in DNA RER leading to high rates of TGF-j3 Ru mutation
represented a key breakthrough in the understanding of how TGF-@3
Ru mutation occurs (9, 13). A lO-nucleotide polyadenine repeat
sequence adjacent to the transmembrane domain of the gene renders

epithelial-type human malignancies has been reported. These tumor
cells, which include colon, stomach, head and neck, and endometrial
cancers, demonstrate decreased sensitivity to the growth-inhibitory
it vulnerable
to the acquisition
of frameshift
mutations in cells with
effects of TGF-j3. We have examined one human gastric cancer cell
defective
DNA
repair
and
the
phenotype
of
microsatellite
instability
line, SNU-16, that possesses a p53 mutation but expresses wild-type
(14).
Transfecting
human
colon
cancers
as
well
as
hepatoma
ceiis
TGF-@ RI! protein and is appropriately growth-inhibited by TGF-@3.
lacking TGF-j3 RU with wild-type TGF-f3 RH restores sensitivity to
TGF-@3and decreases tumorigenicity (15, 16).
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RI is a less common

ing to unrestrained

type

target

for mutation

in human

malig

nancies. LNCap human prostate cancer cells demonstrate genetic
alterations of TGF-f3 RI, resulting in no detectabie expression of
TGF-j3 RI protein and insensitivity to TGF-@3(17). Transient trans
fection of these cells with RI cDNA restored TGF-f3 sensitivity.
The identification of high-frequency mutations in TGF-@ RIl lead
cional

growth

in human

gastric

cancers

suggests

I; Rh, receptor type II; CAT, chloramphenicol acetyltransferase; RER, replication error

that TGF-@3RI! may be an important tumor suppressor gene. This

repair.

study describes
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the infection

of retroviral

vector expressing

wiid-type
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spectrum of human epithelial malignancies, including colon and gastric
cancers, and are highly correlated with development of TGF4J resistance
in cell lines derived from these tumors. In this study, the role of TGF-fi
RU In regulating the tumorigenic potential of the SNU-638 human gastric

These observation suggest that TGF-@ Ru mutation may occur at a
later point in the carcinogenesis pathway than does p53 mutation.
Numerous other mutations have been associated with gastric car
cinoma, including point mutation of the ras oncogene and ampiifica
tion of c-met, K-sam, and c-erbB-2/neu as weil as loss of heterozy
gosity at the bcl-2, APC, and DCC gene loci. However, the TGF-f3 RU
mutation seems to occur more frequently than any other single mu
tation previously associated with human gastric carcinomas. TGF-j3
RII mutation and the resulting escape from TGF-@-mediated growth

REDUCED TUMORIGENICITY IN TGF-@3RII-EXPRESSING GASTRIC CANCER CELLS

TGF-f3 RI! into SNU-638 human gastric cancer cells possessing
disabling mutations in TGF-@ RI! and unresponsive to the growth
inhibitory effects of TGF-@3.It is demonstrated that this transfection
restores TGF-j3 sensitivity as well as reduces tumorigenicity in trans
planted cells. These results strongly indicate that the degree of ma
iignancy of human gastric cancer is directly associated with loss of
TGF-/3 RI! expression.

(2, i8) and generously

supplied

by Dr. Jae-Gahb

(Cancer Research Center, Seoul National University College of Medicine).

Transfection

Generation of RI! Stable Cell Line. The coding region of the TGF-@3
Ru
(5) and CAT fragments was PCR amplified, restriction-digested, and purified
to be subcloned into the MFG vector (19, 20). An IRES-NEO cassette was also
to obtain

SDS polyacrylamide

and Luciferase

gel (Novex).

Assay. Cells were seeded in

6-well plates at 2 x 10@cells/well and transiently
transfected
with p3TP-Lux
using LipofectAMlNE
(Life Technologies,
Inc.). After 12 h, complete media
were added,

and cells were incubated
TGF-@l

for an additional

for an additional

in the cell lysate using an assay kit (Analytic

a Dynatech

Laboratories

ML3000

24 h. Cells were treated

24 h. Luciferase

luminometer.

activity

was deter

Luminescence

Activities

Lab), and

were normalized

on

expression
from pSVf3-galactosidase
in all lucif
All experiments
were repeated at least three times,

and similar results were obtained each time.
Tumorigenicity
Study. Cells (5 X 106) from exponential
cultures
of
SNU-638 cells expressing wild-type TGF-@ RI! and CAT were inoculated s.c.

into nude mice (Samsung Medical Center Research Institute, Seoul, Korea).
Mice were maintained

in a pathogen-free

environment.

Tumor

growth

rate was

determined by measuring the xenografts in three dimensions. Volume (V) was
determined

using the equation

V = (L X W2) X 0.5, in which

V = volume,

L = length, and W = width.
Results and Discussion

the stable transfectants.

Northern Blot Analysis. TotalRNA was isolatedwithguartidinium
isothio
cyanate-phenol chloroform. Total RNA (10 @tg)was electrophoresed on a 1.0%
agarose gel containing 0.66 M formaldehyde, transferred to a Duralon-UV mem
brane, and cross-linked with UV Stratalinker (Stratagene). Blots were hybridized
with cDNA probes for neomycm and TGF-(3 RB cDNA (5).

Receptor Cross-Linking. Cells were plated at a density of 1 X 106

SNU-638 cells, shown previously
inactive

form

to express only a truncated,

of TGF-@ RI! and to be insensitive

to TGF-@,

were

infected with MFG-TGF-@3 Ru or MFG-CAT. Both MFG-TGF-f3 RII
(-neo)

and

MFG-CAT

(-neo)

SNU-638

clones

retroviral delivery of expression

constructs

defective

analysis

MFG

vector.

Northern

were

pooled

after

using the replication
revealed

that

wild-type

cells/well in 6-well dishes. Cells were washed twice with cold binding buffer
containing 1X DMEM, 25 mr@tHEPES (pH 7.4), and 1 mg/ml BSA fraction V.
Binding was carried out with 100 @M
â€˜25I-labeledTGF-(3 in the presence and
absence of 100-fold molar excess of unlabeled TGF-@, and cells were incu
bated on a rotating platform at 4Â°Cfor 2.5 h. Cells were washed twice with
cold wash buffer containing 1X DMEM and 25 mist HEPES (pH 7.4). One ml
of 300 @.LM
disuccinimidyl suberate was added to cross-link associated proteins,
and cells were incubated for 15 mm at 4Â°C.Cells were washed twice with cold
wash buffer containing 250 mrvi sucrose, 10 mrvi Tris (pH 7.4), and 1 m@vi

TGF-/3 Ru-expressing SNU-638 cells consistently express high levels
of TGF-f3 RI! mRNA compared with both parental SNU-638 and
control CAT (-neo)-transfected cells (Fig. 1A). The high expression of
neo fusion mRNA in both CAT and TGF-/3 RI! clones confirmed

EDTA. Cellular protein was solubilized with buffer containing 1% Triton

increases

A

successful

transfection

further demonstrated
higher

of these clones.

cross-linking

assays

TGF-@ RI! protein

levels compared

with those of the control

(Fig. 1B). It seems that restoration of TGF-@3RI! expression
cell surface

expression

of TGF-@ RI, which

supports

also
the

B

SNU-638

SNU-638
CAT

C

cc

Receptor

that TGF-@3 Rh clones express significantly

<

SNU-638
wtRll

I
CoIdTGF-B1

II
-

+

+

â€”
probed
with
Rh
cDNA

Endogenous
Rh mRNA

â€”
TypeIll

â€”
TypeII

probedwithneocDNA

â€”
TypeI

@

1

@@5SsnRNA
1

2

3

4

Fig. 1. Expression of TGF-f.3 RI! mRNA and protein in SNU-638 cells infected with MFG-TGF-@ RI!. A, Northern blot analysis of TGF-f3 R!I mRNA in the MFG-TGF-)3 RIl and

MFG-CAT-SNU-638 cell lines. Total RNA was isolated from the MFG-TGF-13RII and MFG-CAT-SNU-638 human gastric cancer cell lines and analyzed by Northern analysis using
32Plabeled TGF-f3 RH and neomycin probes. A radiolabeled probe for 5SRNA was used to control for loading. B. receptor protein cross-linking assay using iodinated TGF-j3l.
Receptor-ligand binding was performed with 100 @M
â€˜25I-labeledTGF-)3l in the presence (Lanes 2 and 4) or absence (Lanes I and 3) of 100-fold molar excess of unlabeled TGF-3l.
Bound proteins were cross-linked using 300 p@M
disuccinimidyl suberate, solubilized. and separated with gel electrophoresis. Bands representing unknown species are seen in both
control and R!!-infected cells. Assays were repeated three times, and a representative gel is shown. Levels ofTGF-j3 R!l were significantly increased in the TGF-@ RIl-transfected cell
line compared with those of the control CAT-transfected cell line.
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density of 5 X l0@cells/well in 0.5 ml of assay medium (RPM! 1640 and 0.2%
fetal bovine serum). TGF-(3i monoclonal antibody (Genzyme) or control
mouse IgG was added to the medium at a final concentration of 15 j@g/ml to
determine the autocrine TGF-@3activity. After a 24-h incubation, cells were
pulse-labeled with 0.5 p@Ciof [3Hjthymidine for 2 h at 37Â°C.

into the constructs

on a 4â€”10% linear

Transient

the basis of /3-galactosidase
erase reporter experiments.

Park

Cells wereculturedin RPM! 1640supplemented
with 10%fetalbovineserum.
To study autocrine growth inhibition, cells were plated in 24-well dishes at a

subcloned

electrophoresed

mined

Cell Culture. The SNU-638 humangastriccancercell line was maintained
previously

rotating platform at 4Â°C.Lysate was centrifuged, and the supematant was

with 5 ng/ml

Materials and Methods
as described

X-l00, 10 mM Tris (pH 7.4), 1 mM EDTA, 0.1 mM phenylmethylsulfonyl
fluoride, and 1 @.tg/mleach of pepstatin and leupeptin while incubating on a

REDUCED TUMORIGENICITY IN TGF-@3Ru-EXPRESSING GASTRIC CANCER CELLS

B

A

s.uI
0
C

SNU638-CAT
SNU638-RII1.5
Iâ€”.â€”

8

@150oo

0

a,
N

.@

(a

V
0

a,
a,

@10000
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R!I-expressing SNU-638 cells. A, wild-type TGF-f3

a

RIl-expressing SNU-638 cells and CAT-expressing
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+ 10% fetal bovine
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E

med as a function of time with 10 ng/ml TGF-j3l in
SNU-638-CAT cells (â€¢)or SNU-638-RII cells (U).
C, autocrine TGF-f3 activity in wild-type TGF-@3
Ril-expressing SNU-638 cells. SNU-638 cell lines
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p3TP-Lux. MFG-TGF-13RH and MFG-CAT SNU
638 cells were seeded at 0.2 X 106 cells/well in
6-well plates and transfected transiently with p3TP
Lux. After transfection, cells were treated with 5
ng/ml TGF-@I for 24 h. Luciferase activity was
measured and expressed in relative light units.
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theory that TGF-@ RI! recruits TGF-/3 RI in ligand-receptor-induced
signaling (6).
To investigate whether expression of TGF-(3 RH could restore TGF-@
sensitivity

in SNU-638

cells, we compared

growth

curves for both the

TGF-f3 Ril-transfected and control CAT-transfected clones. Both clones
were treated with increasing concentrations ofTGF-f31, and proliferation
was assessed using a [3H]thymidine incorporation assay. This experiment
revealed that the proliferation rates of the control cells (MFG-CAT-SNU
638) actually increase in response to exogenous TGF-@, whereas the
addition ofTGF-@l inhibits the proliferation of cells infected with MFG
TGF-@3 RH (Fig. 2A). Next, growth

rates of SNU-638-CAT

and SNU

638-RH were investigated. Fig. 2B shows that the growth rate of SNU
638-RU cells was significantly lower than that of the control celis. After
4 days of culture, the cell count of SNU-638-Rfl

cells was about 40% of

that of the control cells.
Another observation was that basal proliferation rates for TGF-f3
RII-transfected cells were consistently lower than those for the control
CAT-transfected cells. Consequently, another [3H]thymidine incorpo
ration assay was performed comparing proliferation of TGF-@ RI!transfected and control cells in the presence of TGF-j31-neutralizing
monoclonal antibody (Fig. 20. The presence of antibody had no
effect on proliferation rates of the MFG-CAT-infected cells, whereas
the addition of anti-TGF-@3i antibody led to a marked increase in the
growth rate of the MFG-TGF-@ RI!-infected cells. This suggests that
TGF-f3-mediated growth inhibition of MFG-TGF-@ RU SNU-638
cells occurs through an autocrine mechanism.
Much of the cellular regulatory effects attributed to TGF-f3 may
occur through the activation of specific TGF-f3-responsive promoter

TGF-@1(5n@ln@) _

SNU638
wtRH

+
CAT

â€”

+

wtFVI

elements in critical target genes. To assess whether this intracellular
mechanism was present and functional in SNU-638 cells, a reporter
construct, p3TP-Lux, that contains multiple TGF-(3 response elements
(6) was transiently transfected into both wild-type TGF-(3 RU-ex
pressing cells and control cells. Exogenous TGF-@l induced lucifer
ase activity greater than 12-fold in MFG-TGF-j3 RI! SNU-638 cells
with no observable induction in control cells (Fig. 2D). The fact that
the introduction of a wild-type TGF-@3RI! expression vector restores
TGF-f3 sensitivity to SNU-638 cells indicates that the remaining
regulatory apparatus is essentially intact.
The reduced proliferative capacity of MFG-TGF-j3 R!I-infected
SNU-638 cells introduces the possibility that the restoration of ex
pression of wild-type TGF-@ RI! and of autocrine TGF-@ activity
might render these cells less tumorigenic. To test this hypothesis,
exponentially growing CAT- and TGF-j3 RU-expressing SNU-638
cells were inoculated into athymic nude mice at a dose of 5 X 106
cells/site, and the mice were monitored for progression of xenograft
formation. The appearance of xenografts was significantiy delayed
after inoculation of MFG-TGF-/3 RI!-infected cells compared to that
of control cells (Fig. 3). Moreover, when tumor burden was measured
at day 27, the xenograft size of MFG-TGF-@3 RIl-infected cells was
less than 30% of that of control tumors. These results suggest that
expression of wild-type TGF-@ RI! inhibits in vivo growth of SNU
638 human gastric cancer cells.
This study demonstrates that expression of TGF-f3 RI! in the
TGF-f3-unresponsive

gastric

cancer

cell line SNU-638

restored

sen

sitivity to TGF-f3 and significantly reduced the growth rate. TGF-j3
RU expression reconstitutes a functional TGF-@3-mediatedautocrine
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were plated in 24-well plates at 0.5 X l0@cells/well
in the presence of 30 ,Lg/ml normal IgG or 30
jag/mI monoclonal antibody against TGF-g3l, and
[3Hlthymidine incorporation was examined. D, ef
fect of TGF-@l on transcriptional activation of

0.5

C

were exam

expressing either CAT or wild-type TGF-@3Rh

@ii

a,

.0

poration was examined. B, changes in cell number
in DMEM

1.0

Ca
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during
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of carcinogenesis
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progression to metastatic disease.
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