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Abstract: Background: Intestinal epithelial cells (IECs) within crypts continuously divide and differentiate as they mi-
grate up towards the luminal surface of the mucosa. With the onset of differentiation, IECs lose their proliferative
potential, but the exact mechanism remains unknown. This current study examined the involvement of the TGF-B
signaling pathway in this process. Methods: Studies were conducted in the IEC-6 cell line derived from rat small intes-
tinal crypt cells. Cell differentiation was induced by forced expression of the Cdx2 gene, a transcription factor respon-
sible for controlling intestinal epithelial cell differentiation. Results: Forced expression of the Cdx2 gene in stable
Cdx2-transfected IEC-6 cells resulted in a differentiated phenotype as indicated by morphological features and in-
creased expression of sucrase-isomaltase. Levels of TGF-B type | receptor (TGFB-RI) and TGF- type Il receptor (TGFp-
RIl) increased in these differentiated epithelial cells. The induced TGFB-RlI and TGFB-RIl expression in Cdx2-
transfected IEC-6 cells was associated with increased sensitivity to TGF-B-induced growth inhibition. Depletion of cel-
lular polyamines further increased TGF- receptor expression and additionally enhanced the response to TGF-B-
induced growth inhibition. Increased TGFB-RI and RIl in polyamine-deficient cells were also associated with an induc-
tion in JunD/AP-1 activity. Conclusions: These results indicate that the loss of the proliferative potential in differenti-
ated IECs results partially from the increased expression of TGF-B receptors.

Keywords: Cdx2 gene, intestinal epithelium, TGF- Receptors, AP-1 binding sites, cell growth, electrophoretic mobility
shift assay, supershift assays

Introduction

Normal function of the intestinal epithelium is
dependent upon a tightly regulated system of
cell renewal and differentiation [1-3]. Intestinal
epithelial cells (IECs) from the proliferative zone
within intestinal crypts continuously divide and
differentiate as they migrate to the luminal sur-
face of the colon, or up towards the villous sur-
face of the small intestine [4, 5]. Mature differ-
entiated cells at the luminal surface and villous
tips are quickly lost through apoptosis and are
replaced by newly divided cells. This rapid turn-
over rate of IECs is highly regulated and meticu-
lously controlled by various factors, including
Transforming growth factor-B (TGF-)/Smad
signaling pathway and cellular polyamines [2, 6,
7]. Our previous studies [2, 6] and others [8-10]
show that normal intestinal mucosal growth

depends on the availability of polyamines to the
dividing cells within the crypts, whereas activa-
tion of TGF-B/Smad signaling suppresses intes-
tinal epithelial renewal. However, the exact role
of TGF-3/Smad pathway in the loss of prolifera-
tive potential during the process of IEC differen-
tiation is not well demonstrated.

TGF-B belongs to a superfamily of multifunc-
tional peptides involved in the regulation of
epithelial cell growth and phenotype [11-13].
Based on differences in ligand binding struc-
tures, TGF-B family members are divided into
two subfamilies [11, 12]. TGF-B elicits a wide
variety of signaling cascades and regulates a
diverse set of cellular processes, including pro-
liferation, differentiation, adhesion, apoptosis,
and migration [11, 14]. These activities are ex-
erted through their transmembrane receptors
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(type | and type II), heteromeric complexes with
a serine/threonine kinase domain in their cyto-
plasmic region [12, 15]. Once bound to TGF-B,
TGFB-RII recruits and phosphorylates the type |
TGF-B receptor (TGFB-RI), which in turn stimu-
lates TGFB-RI protein kinase activity [12, 16]. It
is well known that the TGF-B/TGFB-R pathway
plays an important role in the regulation of a
variety of intestinal epithelial functions under
biological and pathological conditions [2, 6, 8,
12].

Our previous studies demonstrate that poly-
amine depletion induces TGF- gene expression
through posttranscriptional regulation and that
elevation of TGF-B gene expression plays a criti-
cal role in the inhibition of undifferentiated in-
testinal epithelial cell proliferation [2, 6]. Poly-
amine-deficient cells also highly express TGFB-
RI, which is associated with increased sensitivity
to growth inhibition when exposed to exogenous
TGF-B [6]. This current study further examines
changes in TGFB-R expression during IEC differ-
entiation and defined its role in the sensitivity to
growth inhibition induced by exogenous TGF-3.

Materials and methods
Chemicals and supplies

Disposable culture ware was purchased from
Corning Glass Works (Corning, NY). Tissue cul-
ture media, isopropyl-B-D-thiogalactopyranoside
(IPTG), and dialyzed fetal bovine serum (dFBS)
were obtained from Invitrogen (Carlsbad, CA),
and biochemicals were from Sigma (St. Louis,
MO). TGF-B was purchased from R&D Systems
(Minneapolis, MN). Anti-TGFB-RI and RIl antibod-
ies were from Cell Signaling Technology (Dan-
vers, MA). DL-a-difluoromethylornithine (DFMO)
was obtained from Genzyme (Cambridge, MA).

Cell culture and general experimental protocol

The IEC-6 cell line was purchased from the
American Type Culture Collection (ATCC) at pas-
sage 13. The cell line was derived from normal
rat intestine and was developed and character-
ized by Quaroni et al [17]. IEC-6 cells originated
from intestinal crypt cells, as judged by morpho-
logical and immunological criteria. They are non-
tumorigenic and retain the undifferentiated
character of epithelial stem cells. Stock cells
were maintained in T-150 flasks in Dulbecco’s
modified Eagle medium (DMEM) supplemented
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with 5% heat-inactivated FBS, 10 ug/ml insulin,
and 50 pg/ml gentamicin sulfate. Flasks were
incubated at 37°C in a humidified atmosphere
of 90% air-10% CO2. Stock cells were subcul-
tured once a week at 1:20; medium was
changed three times weekly. The cells were re-
started from original frozen stock every 7 pas-
sages. Tests for mycoplasma were routinely
negative and passages 15-20 were used in the
experiments.

The stable Cdx2-transfected IEC-6 cell lines
were developed and characterized by Suh and
Traber [18] and were kind gifts from Dr. Peter G.
Traber (University of Pennsylvania, Philadelphia,
PA). The expression vector, the LacSwitch sys-
tem (Stratagene, La Jolla, CA), was used for di-
recting the conditional expression of Cdx2, and
IPTG served as the inducer for gene expression.
IEC-6 cells were transfected with pOPRSVCdx2
by electroporation technique, and clones resis-
tant to selection medium containing 0.6 mg
G418/ml and 0.3 mg hygromycin B/ml were
isolated and screened for Cdx2 expression by
Northern blot, RNase protection assays, and
electrophoretic mobility shift assay (EMSA).
Stock stable Cdx2-transfected IEC-6 (IEC-
Cdx2L1) cells were grown in DMEM used as
parental non-transfected IEC-6 cells. Before
experiments, cells were grown in DMEM con-
taining 4 mM IPTG for 16 days to induce cell
differentiation.

The general protocol of the experiments and the
methods used were similar to those described
previously [19-21]. In brief, IEC-6 and IEC-
Cdx2L1 cells were plated at 6.25 X 104 cells/
cm? in DMEM plus 5% dFBS, 10 pyg/ml insulin,
50 pg/ml gentamicin sulfate, and 4 mM IPTG.
The cells were incubated in a humidified atmos-
phere at 37°C in 90% air-10% CO2 (vol/vol) for
4 days, which was followed by a period of differ-
ent experimental treatments.

Reverse transcription and PCR

Total cellular RNA was isolated by using the
RNeasy Mini Kit (Qiagen, Valencia, CA). Ten mi-
crograms of total RNA were reversely tran-
scribed using a first-strand cDNA synthesis kit
(Invitrogen) and random hexamers [pd(N)s
primer]. The reaction mixture was incubated for
1 h at 42°C and then heated at 90°C for 5 min
to inactivate the reverse transcriptase. The spe-
cific sense and antisense primer for TGF(-RI
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included 5'-TACAGTGTTTCTGCCACCTCTGT-3' and
3-ACACGTGGTAGAAGTTTTTGTCC-5'. The ex-
pected size of TGFB-RI fragments was 177 bp,
located at 128- to 305-bp in the coding region
of the TGFB-RI cDNA [22]. The specific sense
and antisense primer for TGFB-RIl included 5'-
CACTGTCCACTTGTGACAACC-3' and 3-GGTAGTA
GGACCTCCTGCTGGC-5'. The expected size of
TGFB-RIl fragments was 503 bp, located at 421-
to 922-bp also within the coding region of the
cDNA [15]. PCR was performed by a GeneAmp
PCR system (Perkin-Elmer) using Taq poly-
merase. Two microliters of the first-strand cDNA
reaction mixture was used in the PCR reaction.
The cDNA samples were amplified in a thermal
cycler under the following conditions: the mix-
ture was annealed at 59°C (1 min), extended at
72°C (2 min), and denatured at 94°C (1 min)
for 35 cycles. This was followed by a final exten-
sion at 72°C (10 min) to ensure complete prod-
uct extension. The PCR products were electro-
phoresed through a 1% agarose gel, and ampli-
fied cDNA bands were visualized by ethidium
bromide staining. To quantify the PCR products
(the amounts of mRNA) of TGFB-RI and TGFB-
RIl, an invariant mRNA of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used
as an internal control. Immediately after each of
the experiments, the optical density (OD) values
for each band on the gel were measured by a
gel documentation system (UVP, Upland, CA).
The OD values in the TGFB-RI and TGFB-RII sig-
nals were normalized to the OD values in the
GAPDH signals. The normalized values in the
controls were expressed as 1 arbitrary unit for
quantitative comparison [2, 6].

Western blot analysis

Cell samples, dissolved in ice-cold NP40x-buffer
(25 mM Tris-HCI, pH 8.0, 137 mM NaCl, 1 mM
EDTA, 205 mM sodium pyrophosphate, 10%
glycerol, 1% Tritonx-100, 10 mg/ml aprotinin),
were sonicated and centrifuged at 14,000 rpm
for 15 min at 4°C. The protein concentration of
the supernatant was measured by the methods
described by Bradford [23], and each lane was
loaded with 50 pg of protein equivalent. The
supernatant was boiled for 5 min and then sub-
jected to electrophoresis on 10% acrylamide
gels according to Laemmli [24]. Briefly, after the
transfer of protein onto nitrocellulose filters, the
filters were incubated for 1 h in 5% nonfat dry
milk in 1x TBS-T buffer (Tris-buffered saline, pH
7.4, with 0.1 % Tween 20). Immunologic evalua-
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tion was then performed overnight at 4°C in 5%
nonfat dry milk/TBS-T buffer containing specific
antibodies against TGFB-RI and TGFB-RIl. The
filters were subsequently washed with 1x TBS-T
and incubated with the secondary antibodies
conjugated with HRP for 1 h at room tempera-
ture. The immunocomplexes on the filters were
reacted for 1 min with Chemiluminiscence Re-
agent (NEL-100 DuPont NEN).

Preparation of nuclear proteins and EMSA

Nuclear extracts were prepared as previously
described [2, 25]. Briefly, cells were harvested
in ice-cold D-PBS with a cell scraper and centri-
fuged at 500 g at 4°C for 5 min. The resulting
cell pellets were resuspended in 4 ml of ice-cold
STM buffer containing 20 mM Tris-HCI (pH
7.85), 250 mM sucrose, 1.1 mM MgClz, and
0.2% Triton X-100 and were incubated on ice for
5 min. The cell pellets were then washed once
with STM buffer containing 0.2% Triton X-100
and once with STM buffer without Triton X-100.
The isolated nuclei were then resuspended in
STM buffer (without Triton x-100) that contained
0.4 M KCI and 5 mM B-mercaptoethanol and
incubated on ice for 10 min to extract nuclear
proteins. After centrifugation at 2,000 g at 4°C
for 10 min, the supernatant was collected, ali-
quoted, and frozen at -80°C before use. The
protein content of nuclear extracts was deter-
mined by the method described by Bradford
[23].

The double-stranded oligonucleotides used in
these experiments included 5'-CGCTTGATGAC
TCAGCCGGAA-3', which contains a consensus
AP-1 binding site that is underlined (Santa Cruz
Biotechnology, Santa Cruz, CA). These oligonu-
cleotides were radioactively end-labeled with [y-
32P] ATP (3,000 Ci/mmol; Amersham, Arlington
Heights, IL) and T4 polynucleotide kinase
(Promega, Madison, WI). For mobility shift as-
says, 0.035 pmol 32P-labeled oligonucleotides
(~30,000 cpm) and 10 ug nuclear protein were
incubated in a total volume of 25 pl in the pres-
ence of 2 mM Tris-HCI (pH 7.5), 8 mM NaCl, 0.2
mM EDTA, 0.2 mM B-mercaptoethanol, 0.8%
glycerol, and 1 ug poly (dI-dC). The binding reac-
tions were allowed to proceed at room tempera-
ture for 20 min. Thereafter, 2 pl of bromophenol
blue (0.1% in water) were added, and protein-
DNA complexes were resolved by electrophore-
sis on nondenaturing 5% polyacrylamide gels
and were visualized by autoradiography. Gel
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supershift assays were accomplished by adding
1 pg (in 1 pl) of TransCruz supershift JunD anti-
body (Santa Cruz Biotechnology) to the reaction
mixture and incubating for an additional 30 min
at room temperature.

Statistics

All data are expressed as means 6 + SE from six
dishes. Autoradiographic results were repeated
three times. PCR results were repeated three
times. The significance of the difference be-
tween means was determined by analysis of
variance. The level of significance was deter-
mined using Duncan’s multiple range test [26].

Results

TGF-B3 receptor gene expression in [EC-Cdx2L1
Cells

Consistent with our previous studies [6, 19],
nontransfected parental IEC-6 cells revealed a
simple monolayer of epithelial cells with sparse
microvilli and no evidence of cellular differentia-
tion. In contrast, differentiated IEC-Cdx2L1 cells
exhibited multiple morphological and molecular
characteristics of intestinal epithelial differentia-
tion, as indicated by polarization, development
of lateral membrane interdigitations, and micro-
villi at the apical pole (data not shown). The dif-
ferentiated phenotype of stable Cdx2L1 cells
was also shown by an induction in expression of
enterocyte-specific marker, sucrase-isomaltase
gene. As shown in Figure 1 stable IEC-Cdx2L1
cells grown for 12 and 16 days in the presence
of IPTG resulted in a significant increase in
TGFB-RI & RIl expression, compared to parental
IEC-6 cells. The increase in TGFB-RI mRNA and
protein levels were noted on day 12 and re-
mained elevated until day 16 after exposure to
IPTG. The relative protein levels of TGFB-RI in
cells exposed to IPTG for 12 and 16 days were
~3.0 times higher in comparison to undifferenti-
ated IEC-6 cells (Figure 1Ca). Similarly, TGFB-RII
MRNA and protein levels were also significantly
increased in differentiated IEC-Cdx2L1 cells
when cultures were grown in IPTG-
supplemented media, compared to parental IEC
-6 cells. The relative protein levels of TGFB-RII
were ~1.75 times higher than the values of nor-
mal IEC-6 cells (Figure 1Cb).

To extend the findings that TGFB-RI expression
in IEC-Cdx2L1 cells increased after exposure to
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Figure 1. Expression of the TGFB type | receptor
(TGFB-RI) and type Il receptor (TGFB-RII) mRNA and
proteins in parental IEC-6 and IEC-Cdx2L1 cells
treated with 4 mM IPTG for 12 and 16 days. A: repre-
sentative PCR-amplified products displayed in aga-
rose gels for TGFB-RI (177 bp) and TGFB-RII (503
bp). Total cellular RNA was harvested at various
times after IPTG treatment and the mRNA levels for
TGFB-RI and TGFB-RIl were determined by semi-
quantitative RT-PCR analysis. B: representative
autoradiograms of Western blots from cells de-
scribed in A. Whole cell lysates were harvested, ap-
plied to each lane (50 pg) equally, and subjected to
electrophoresis on 10% acrylamide gel. Levels of
TGFB-RI (~52 kDa) and TGFB-RIl (~75 kDa) were
identified by probing nitrocellulose with the specific
antibodies. After the blot was stripped, actin (~42
kDa) immunoblotting was performed as an internal
control for equal loading. C: quantitative analysis of
Western blots by densitometry from cells described
in B. a, TGFB-RI; b, TGFB-RII. Values are means + SE
of data from 3 separate experiments; relative levels
of TGFB-RI and TGFB-RII were corrected for loading
as measured by densitometry of actin. *P < 0.05
compared with cells treated without IPTG.

IPTG, we investigated whether treatment with
IPTG for a short time could alter the expression
of TGFB-RI. Results presented in Figure 2 shows

Int J Clin Exp Med 2011;4(4):299-308
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Figure 2. Effect of short-term treatment with IPTG on
TGFB-RI and TGFB-RIl expression in stable IEC-
Cdx2L1 cells. A: Representative PCR-amplified prod-
ucts of TGFB-RI and TGFp-RII. After cells were cul-
tured in growth DMEM medium for 2 days, IPTG was
added to the medium at a final concentration of 4
mM. Total cellular RNA was isolated 24 and 48 h
after addition of IPTG and mRNA levels for TGFB-RI
and TGFB-RII were measured. B: Quantitative analysis
of data described in A. Values are means = SE of
data from 3 separate experiments.

that TGFB-RI gene expression failed to increase
after exposing differentiated IEC-Cdx2L1 cells to
IPTG for 24 and 48 hours.

Effect of exogenous TGF- on cell growth in IEC-
Cdx2 Cells

Our earlier studies have shown that the expo-
sure of normal IEC-6 cells to exogenous TGF-B
inhibited cell growth [6, 8]. In this study, we ana-
lyzed whether Cdx2-induced cellular differentia-
tion affects the sensitivity of exogenous TGF-B
on cell growth. Differentiated IEC-Cdx2L1 cells
exhibited increased sensitivity to TGF-B-induced
growth inhibition compared with those observed
in parental IEC-6 cells (Figure 3). When various
doses of TGF-B were tested, cell growth was
inhibited linearly with increasing concentrations
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Figure 3. Effect of exogenous TGF-B on cell growth in
parental IEC-6 and stable IEC-Cdx2L1 cells. A:
Growth response in IEC-6 cells. Cells were grown in
DMEM containing 5% dFBS for 4 days and then TGF-
B was given at different concentrations. Cell number
was assayed 48 h after treatment. B: Growth re-
sponse in stable IEC-Cdx2L1 cells. Before experi-
ments, the stable Cdx2-transfected cells were ini-
tially grown in the presence of 4 mM IPTG for 16
days to induce differentiation. Cells were re-plated,
grown for 4 days in the presence of IPTG, and then
exposed to different concentrations of TGF-B. Cell
number was examined 48 h after administration of
TGF-B. Values are means + SE of data from 6 dishes.
*P< 0.05 compared with groups treated with TGF-3
at a dose of O.

of TGF-B ranging from 1 to 10 ng/ml. Significant
decreases in cell number occurred starting at
10 ng/ml and were ~40% of normal values.
However, in differentiated IEC-Cdx2L1 cells, 2.5
ng/ml TGF-B showed decreases in cell number
and continued to exhibit significant changes
when a dose of 5 to 10 ng/ml was given; cell
counts were ~50% of control values and de-
creased by ~75% (Figure 3B). These results
indicate that differentiated IEC-Cdx2L1 cells are
more sensitive to TGF-B-induced growth inhibi-
tion.
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Figure 4. Relative levels of TGFB-RI and TGFB-RII
mRNAs in control differentiated cells and cells
treated with either a-difluoromethylornithine (DFMO)
alone or DFMO plus spermidine (SPD). Relative levels
of TGFB-RI (A) and RIl (B) mRNAs (arbitrary units).
Differentiated cells were grown in DMEM containing
5% dFBS in the presence or absence of DFMO (5
mM) or DFMO + SPD (5 uM) for 4 and 6 days. The
relative levels of TGFB-RI and TGFB-RII mRNAs were
determined by semi-quantitative RT-PCR analysis.
Data was normalized to the amount of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) [optical
density (OD) of the TGFB-RI or RIl mRNA/OD of the
GAPDH] and expressed as means + SE of data from 3
separate experiments. *P< 0.05 compared with con-
trols.

Effect of inhibition of polyamine biosynthesis on
TGFB-Receptor mRNA expression and cell
growth in response to exogenous TGF-3

Our previous studies demonstrated that the
exposure of IEC-Cdx2L1 cells to 5 mM DFMO
(specific inhibitor of polyamine synthesis) for 4
and 6 days almost completely depleted cellular
polyamines [19]. Depletion of cellular poly-
amines by DFMO resulted in a significant in-
crease in TGFB-RI expression in differentiated
IEC-Cdx2L1 cells (Figure 4). The increase in rela-
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tive mRNA levels for TGFB-RI was noted on day
4 and remained elevated on day 6 after expo-
sure to DFMO. The levels of TGFB-RI mRNA in
cells exposed to DFMO for 4 and 6 days were
~3 times the normal values. Exogenous addition
of spermidine at a dose of 5 yM combined with
DFMO completed prevented the previously ob-
served increase in TGFB-RI gene expression.
The levels of TGFB-RI mRNA in cells treated with
DFMO plus spermidine were indistinguishable
from those in cells grown in control cultures. In
contrast to TGFB-RI, polyamine depletion did not
induce expression of the TGFB-RIl gene in IEC-
Cdx2L1 cells. No significant changes were de-
tected in the relative levels of TGFB-RII mRNAs
between control cells and cells exposed to
DFMO with or without spermidine (Figure 4B).
When varying doses of TGF-B were tested, cell
growth was inhibited with increasing concentra-
tions of TGF-B ranging from 1 to 10 ng/ml. Sig-
nificant decreases in cell number were noticed
first at 5 and 10 ng/ml. In DFMO-treated cells,
however, 1 ng/ml TGF-B significantly decreased
cell count (Figure 5). When TGF-B at doses rang-
ing from 1 to 10 ng/ml were given, cell numbers
were decreased by > 50%. Consistent with the
effect on TGFB-RI expression, spermidine given
together with DFMO prevented the increased
sensitivity of polyamine-deficient cells to growth
inhibition caused by exogenous TGF-B (Figure
5C). These results indicate that polyamine de-
pletion increases TGFB-RI expression and en-
hances its sensitivity to TGF-B-induced cell
growth.

Effect of TGF- on AP-1 DNA binding activity

Previous studies [25] show that activation of
JunD/AP-1 represses IEC proliferation, the cur-
rent study determines whether TGF-B-induced
cell growth inhibition was associated with
changes in JunD/AP-1 binding activity in differ-
entiated IEC-Cdx2L1 cells. Cultures were initially
grown for 4 days and then incubated with vary-
ing concentrations of TGF-p for an additional 6
h. Nuclear proteins were subjected to EMSA
analysis to determine the AP-1 binding activity.
Figure 6A showed that treatment with TGF-$ at
a concentration of 5 and 10 ng/ml significantly
increased AP-1 DNA binding activity. Since AP-1
complexes consists of different components, gel
supershift assays were performed using a spe-
cific JunD antibody. As can be seen in Figure
6B, the anti-JunD antibody, when added to the
binding reaction mixture, dramatically super-
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Figure 5. Effect of exogenous TGF-B added to control
cultures (without DFMO; A) or cultures containing
either DFMO alone (B) or DFMO plus SPD (C) on cell
growth in differentiated IEC-Cdx2L1 cells. Cells were
grown in DMEM containing 5% dFBS in the presence
or absence of DFMO or DFMO + SPD for 4 days and
then TGF-B was given at different concentrations. Cell
number was assayed 48 h after treatments. Values
are means * SE of data from 6 dishes. *P < 0.05
compared with groups treated with TGF-3 at a dose of
0.

shifted the AP-1 complexes present in TGF- (10
ng/ml)-induced IEC-Cdx2L1 cells. These results
indicate that TGF-B increases JunD/AP-1 activity
in intestinal epithelial cells.

Discussion

The TGF-B signaling pathway is involved in the
regulation of a wide variety of biological proc-
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Figure 6. Effect of exogenous TGF-B on the activator
protein (AP)-1 DNA binding activity in differentiated
IEC-Cdx2L1 cells. A: Cells were grown in DMEM for 4
days and then exposed to different concentrations of
TGF-B. Nuclear extracts were prepared 6 h after
treatment with TGF-B. Electrophoretic mobility shift
assays (EMSA) were performed using 10 pg of nu-
clear protein and 0.035 pmol of 32P-end-labeled
oligonucleotides containing a single AP-1 binding site
incubated for 20 min at room temperature. B: Char-
acterization of AP-1 complexes. Gel supershift as-
says were performed by initially incubating 10 ug of
nuclear protein with 0.035 pmol of 32P-end-labeled
oligonucleotides containing a single AP-1 binding
site. The antibody against JunD protein was then
added to the binding reaction mixture and the reac-
tion was allowed to proceed for an additional 30 min
at room temperature. The positions of the super-
shifted AP-1 components and total AP-1 binding ac-
tivity are as indicated. Three experiments were per-
formed which showed consistent results.

esses including cell proliferation and apoptosis
[27-30]. In normal development, TGF-B inhibits
cell proliferation and induces cell differentia-
tion, whereas during tumorigenesis, TGF-B is
secreted from tumor cells causing them to lose
their inhibitory function [31, 32]. In the intesti-
nal epithelium, TGF-B plays a pivotal role in the
regulation of normal mucosal growth [1, 8] and
it inhibits cell proliferative activity and promotes
the onset of differentiation [33]. Our earlier
studies have demonstrated that cellular poly-
amines negatively regulates the expression of
growth-inhibiting genes, including TGF-B and
TGF-B receptors, p53, Smad, and JunD, at the
posttranscriptional level in normal undifferenti-
ated intestinal epithelial cells [2, 6, 8, 25, 34,
35]. This current study provides new evidence
showing that differentiation induces TGFB-R
expression and increases the sensitivity of IECs
to TGF-B-induced growth inhibition.
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In intestinal epithelial cells, resistance and sen-
sitivity to growth inhibition by TGF-B are mainly
regulated by changes in TGF-B receptor expres-
sion. Current findings clearly show that differen-
tiated IEC-Cdx2L1 cells are associated with in-
creased TGF(B-RI expression. The IEC-6, IPEC
(porcine jejunal enterocytes), and RIE-1 (rat in-
testinal epithelial cells) cell lines, all of which
exhibit undifferentiated characteristics, have
their growth inhibited by TGF-B and express the
TGF-B receptors [6, 8, 36]. In many other cell
types, TGF-B resistance has been associated
with a decrease or absence of TGFB-RI and Rl
expression [37, 38]. The results reported here
indicate that the expression of TGFB-RI is also
implicated in the process by which polyamine
depletion increases the sensitivity to TGF-B-
mediated growth inhibition in differentiated in-
testinal epithelial cells. As shown in Figure 4,
exposure to DFMO for 4 and 6 days increased
the relative levels of TGFB-RI mMRNA expression.
In contrast, expression of the TGFB-RIl gene was
not affected after exposure to DFMO in the pres-
ence or absence of exogenous spermidine.
These expected results are not surprising be-
cause TGFB-RIl is a known constitutive, active
kinase [39]. Polyamines may regulate TGFB-RII
function through a different mechanism rather
than through mRNA synthesis. It is interesting
and of important biological significance that the
increased TGFB-RI expression in differentiated
IECs was associated with an increase in sensi-
tivity to growth inhibition induced by exogenous
TGF-B. These observations have great potential
biological significance, since TGFB-Rs and their
downstream signals are highly expressed in gut
epithelium and regulated under physiological
conditions.

To further determine the mechanism by which
activated TGFB-R pathway induces sensitivity to
TGF-B-mediated growth inhibition, AP-1 binding
activity was determined by EMSA after admini-
stration of exogenous TGF-B. Administration of
TGF-B increased JunD/AP-1 binding activity,
suggesting the involvement of this negative AP-
1 binding in this process. These findings were
consistent with our earlier observations that
JunD/AP-1 binding activity is increased following
polyamine depletion and contributes to growth
inhibition in gut mucosa in vivo as well as in
vitro systems [25, 40].

In summary, these results indicate that differen-
tiated intestinal epithelial cells induced by
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forced expression of the Cdx2 gene express
high levels of TGFB-RI and TGFB-RIl. The in-
creased TGF-B receptor expression plays an
important role in the process through which
differentiated intestinal epithelial cells are more
sensitive to growth inhibition induced by exoge-
nous TGF-B. This signaling pathway is regulated
by cellular polyamines. These findings suggest
that the loss of proliferative potential in undif-
ferentiated intestinal epithelial cells is due, at
least in part, to the increased expression of TGF-
B receptors.
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