
 

 

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-β (TGF-β)/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-β/Smad signaling suppresses intes-
tinal epithelial renewal. However, the exact role 
of TGF-β/Smad pathway in the loss of prolifera-
tive potential during the process of IEC differen-
tiation is not well demonstrated.  
 
TGF-β 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-β family members are divided into 
two subfamilies [11, 12]. TGF-β 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 I and type II), heteromeric complexes with 
a serine/threonine kinase domain in their cyto-
plasmic region [12, 15]. Once bound to TGF-β, 
TGFβ-RII recruits and phosphorylates the type I 
TGF-β receptor (TGFβ-RI), which in turn stimu-
lates TGFβ-RI protein kinase activity [12, 16]. It 
is well known that the TGF-β/TGFβ-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-β gene expression 
through posttranscriptional regulation and that 
elevation of TGF-β 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 TGFβ-
RI, which is associated with increased sensitivity 
to growth inhibition when exposed to exogenous 
TGF-β [6]. This current study further examines 
changes in TGFβ-R expression during IEC differ-
entiation and defined its role in the sensitivity to 
growth inhibition induced by exogenous TGF-β.  
 
Materials and methods 
 
Chemicals and supplies 
 
Disposable culture ware was purchased from 
Corning Glass Works (Corning, NY). Tissue cul-
ture media, isopropyl-β-D-thiogalactopyranoside 
(IPTG), and dialyzed fetal bovine serum (dFBS) 
were obtained from Invitrogen (Carlsbad, CA), 
and biochemicals were from Sigma (St. Louis, 
MO). TGF-β was purchased from R&D Systems 
(Minneapolis, MN). Anti-TGFβ-RI and RII antibod-
ies were from Cell Signaling Technology (Dan-
vers, MA). DL-α-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 

with 5% heat-inactivated FBS, 10 μg/ml insulin, 
and 50 μg/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/
cm2 in DMEM plus 5% dFBS, 10 μg/ml insulin, 
50 μg/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)6 
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 TGFβ-RI 
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included 5'-TACAGTGTTTCTGCCACCTCTGT-3' and 
3'-ACACGTGGTAGAAGTTTTTGTCC-5'. The ex-
pected size of TGFβ-RI fragments was 177 bp, 
located at 128- to 305-bp in the coding region 
of the TGFβ-RI cDNA [22]. The specific sense 
and antisense primer for TGFβ-RII included 5'-
CACTGTCCACTTGTGACAACC-3' and 3'-GGTAGTA 
GGACCTCCTGCTGGC-5'. The expected size of 
TGFβ-RII 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 TGFβ-RI and TGFβ-
RII, 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 TGFβ-RI and TGFβ-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 NP40×-buffer 
(25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 1 mM 
EDTA, 205 mM sodium pyrophosphate, 10% 
glycerol, 1% Triton×-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 µg 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 1х TBS-T buffer (Tris-buffered saline, pH 
7.4, with 0.1 % Tween 20). Immunologic evalua-

tion was then performed overnight at 4°C in 5% 
nonfat dry milk/TBS-T buffer containing specific 
antibodies against TGFβ-RI and TGFβ-RII. The 
filters were subsequently washed with 1х 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-HCl (pH 
7.85), 250 mM sucrose, 1.1 mM MgCl2, 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 KCl and 5 mM β-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 [γ-
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 μg nuclear protein were 
incubated in a total volume of 25 μl in the pres-
ence of 2 mM Tris-HCl (pH 7.5), 8 mM NaCl, 0.2 
mM EDTA, 0.2 mM β-mercaptoethanol, 0.8% 
glycerol, and 1 μg poly (dI-dC). The binding reac-
tions were allowed to proceed at room tempera-
ture for 20 min. Thereafter, 2 μl 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 μg (in 1 μl) 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-β receptor gene expression in IEC-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 
TGFβ-RI & RII expression, compared to parental 
IEC-6 cells. The increase in TGFβ-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 TGFβ-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, TGFβ-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 TGFβ-RII 
were ~1.75 times higher than the values of nor-
mal IEC-6 cells (Figure 1Cb). 
 
To extend the findings that TGFβ-RI expression 
in IEC-Cdx2L1 cells increased after exposure to 

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

Figure 1. Expression of the TGFβ type I receptor 
(TGFβ-RI) and type II receptor (TGFβ-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 TGFβ-RI (177 bp) and TGFβ-RII (503 
bp). Total cellular RNA was harvested at various 
times after IPTG treatment and the mRNA levels for 
TGFβ-RI and TGFβ-RII 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 μg) equally, and subjected to 
electrophoresis on 10% acrylamide gel. Levels of 
TGFβ-RI (~52 kDa) and TGFβ-RII (~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, TGFβ-RI; b, TGFβ-RII. Values are means ± SE 
of data from 3 separate experiments; relative levels 
of TGFβ-RI and TGFβ-RII were corrected for loading 
as measured by densitometry of actin. *P < 0.05 
compared with cells treated without IPTG. 
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that TGFβ-RI gene expression failed to increase 
after exposing differentiated IEC-Cdx2L1 cells to 
IPTG for 24 and 48 hours. 
 
Effect of exogenous TGF-β on cell growth in IEC-
Cdx2 Cells 
 
Our earlier studies have shown that the expo-
sure of normal IEC-6 cells to exogenous TGF-β 
inhibited cell growth [6, 8]. In this study, we ana-
lyzed whether Cdx2-induced cellular differentia-
tion affects the sensitivity of exogenous TGF-β 
on cell growth. Differentiated IEC-Cdx2L1 cells 
exhibited increased sensitivity to TGF-β-induced 
growth inhibition compared with those observed 
in parental IEC-6 cells (Figure 3). When various 
doses of TGF-β were tested, cell growth was 
inhibited linearly with increasing concentrations 

of TGF-β 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-β 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-β-induced growth inhibi-
tion. 

Figure 2. Effect of short-term treatment with IPTG on 
TGFβ-RI and TGFβ-RII expression in stable IEC-
Cdx2L1 cells. A: Representative PCR-amplified prod-
ucts of TGFβ-RI and TGFβ-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 TGFβ-RI 
and TGFβ-RII were measured. B: Quantitative analysis 
of data described in A. Values are means ± SE of 
data from 3 separate experiments. 

Figure 3. Effect of exogenous TGF-β 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-
β 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-β. Cell 
number was examined 48 h after administration of 
TGF-β. Values are means ± SE of data from 6 dishes. 
*P< 0.05 compared with groups treated with TGF-β 
at a dose of 0. 
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Effect of inhibition of polyamine biosynthesis on 
TGFβ-Receptor mRNA expression and cell 
growth in response to exogenous TGF-β 
 
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 TGFβ-RI expression in differentiated 
IEC-Cdx2L1 cells (Figure 4). The increase in rela-

tive mRNA levels for TGFβ-RI was noted on day 
4 and remained elevated on day 6 after expo-
sure to DFMO. The levels of TGFβ-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 µM combined with 
DFMO completed prevented the previously ob-
served increase in TGFβ-RI gene expression. 
The levels of TGFβ-RI mRNA in cells treated with 
DFMO plus spermidine were indistinguishable 
from those in cells grown in control cultures. In 
contrast to TGFβ-RI, polyamine depletion did not 
induce expression of the TGFβ-RII gene in IEC-
Cdx2L1 cells. No significant changes were de-
tected in the relative levels of TGFβ-RII mRNAs 
between control cells and cells exposed to 
DFMO with or without spermidine (Figure 4B). 
When varying doses of TGF-β were tested, cell 
growth was inhibited with increasing concentra-
tions of TGF-β 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-β significantly decreased 
cell count (Figure 5). When TGF-β at doses rang-
ing from 1 to 10 ng/ml were given, cell numbers 
were decreased by > 50%. Consistent with the 
effect on TGFβ-RI expression, spermidine given 
together with DFMO prevented the increased 
sensitivity of polyamine-deficient cells to growth 
inhibition caused by exogenous TGF-β (Figure 
5C). These results indicate that polyamine de-
pletion increases TGFβ-RI expression and en-
hances its sensitivity to TGF-β-induced cell 
growth. 
 
Effect of TGF-β 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-β-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-β 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-β 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-

Figure 4. Relative levels of TGFβ-RI and TGFβ-RII 
mRNAs in control differentiated cells and cells 
treated with either α-difluoromethylornithine (DFMO) 
alone or DFMO plus spermidine (SPD). Relative levels 
of TGFβ-RI (A) and RII (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 μM) for 4 and 6 days. The 
relative levels of TGFβ-RI and TGFβ-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 TGFβ-RI or RII mRNA/OD of the 
GAPDH] and expressed as means ± SE of data from 3 
separate experiments. *P< 0.05 compared with con-
trols. 
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shifted the AP-1 complexes present in TGF-β (10 
ng/ml)-induced IEC-Cdx2L1 cells. These results 
indicate that TGF-β increases JunD/AP-1 activity 
in intestinal epithelial cells. 
 
Discussion 
 
The TGF-β signaling pathway is involved in the 
regulation of a wide variety of biological proc-

esses including cell proliferation and apoptosis 
[27-30]. In normal development, TGF-β inhibits 
cell proliferation and induces cell differentia-
tion, whereas during tumorigenesis, TGF-β is 
secreted from tumor cells causing them to lose 
their inhibitory function [31, 32]. In the intesti-
nal epithelium, TGF-β 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-β and 
TGF-β 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 TGFβ-R 
expression and increases the sensitivity of IECs 
to TGF-β-induced growth inhibition.  

Figure 5. Effect of exogenous TGF-β 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-β 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-β at a dose of 
0. 

Figure 6. Effect of exogenous TGF-β 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-β. Nuclear extracts were prepared 6 h after 
treatment with TGF-β. Electrophoretic mobility shift 
assays (EMSA) were performed using 10 μg 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 μg 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. 
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In intestinal epithelial cells, resistance and sen-
sitivity to growth inhibition by TGF-β are mainly 
regulated by changes in TGF-β receptor expres-
sion. Current findings clearly show that differen-
tiated IEC-Cdx2L1 cells are associated with in-
creased TGFβ-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-β and express the 
TGF-β receptors [6, 8, 36]. In many other cell 
types, TGF-β resistance has been associated 
with a decrease or absence of TGFβ-RI and RII 
expression [37, 38]. The results reported here 
indicate that the expression of TGFβ-RI is also 
implicated in the process by which polyamine 
depletion increases the sensitivity to TGF-β-
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 TGFβ-RI mRNA expression. 
In contrast, expression of the TGFβ-RII 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 TGFβ-RII is a known constitutive, active 
kinase [39]. Polyamines may regulate TGFβ-RII 
function through a different mechanism rather 
than through mRNA synthesis. It is interesting 
and of important biological significance that the 
increased TGFβ-RI expression in differentiated 
IECs was associated with an increase in sensi-
tivity to growth inhibition induced by exogenous 
TGF-β. These observations have great potential 
biological significance, since TGFβ-Rs and their 
downstream signals are highly expressed in gut 
epithelium and regulated under physiological 
conditions.  
 
To further determine the mechanism by which 
activated TGFβ-R pathway induces sensitivity to 
TGF-β-mediated growth inhibition, AP-1 binding 
activity was determined by EMSA after admini-
stration of exogenous TGF-β. Administration of 
TGF-β 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 

forced expression of the Cdx2 gene express 
high levels of TGFβ-RI and TGFβ-RII. The in-
creased TGF-β 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-β. 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-
β receptors. 
 
Acknowledgements 
 
The authors thank Dr. Jian-Ying Wang for critical 
reading of the manuscript and providing helpful 
suggestions. This work was supported by Merit 
Review Grant from the Department of Veterans 
Affairs (JNR). 
 
Address correspondence to: Dr. Jaladanki N Rao, 
Department of Surgery, University of Maryland School 
of Medicine and Baltimore Veterans Affairs Medical 
Center, 10 North Greene Street, Baltimore, MD 
21201 Tel: 410-605-7808; Fax: 410-605-7949; E-
mail: jrao@umaryland.edu 
 
References 
 
[1] Rao JN, Wang JY. Regulation of gastrointestinal 

mucosal growth. Edited by Granger ND and 
Granger J. Morgan and Claypool Publishers 
2011; pp.1-114.  

[2] Liu L, Santora R, Rao JN, Guo X, Zou T, Zhang 
HM, Turner DJ, Wang JY. Activation of TGF-β-
Smad signaling pathway following polyamine 
depletion in intestinal epithelial cells. Am J 
Physiol Gastrointest Liver Physiol 2003; 285: 
G1056-G1067. 

[3] Yakovich AJ, Huang Q, Du J, Jiang B, Barnard 
JA. Vectorial TGF-β signaling in polarized intesti-
nal epithelial cells. J Cell Physiol 2010; 224: 
398-404. 

[4] Johnson LR. Regulation of gastrointestinal mu-
cosal growth. Physiol Rev 1988; 68: 456-502. 

[5] Jones BA, Gores GJ. Physiology and pathophysi-
ology of apoptosis in epithelial cells  of the 
liver, pancreas, and intestine. Am J Physiol Gas-
trointest Liver Physiol 1997; 273: G1174-
G1188. 

[6] Rao JN, Li L, Bass BL, Wang JY. Expression of 
the TGF-β receptor gene and sensitivity to 
growth inhibition following polyamine depletion. 
Am J Physiol Cell Physiol 2000; 279: C1034-
C1044. 

[7] Li H, Xu D, Toh BH, Liu JP. TGF-β and cancer: Is 
Smad3 a repressor of hTERT gene? Cell Res 
2006; 16: 169-173. 



TGF-β receptors and sensitivity to growth inhibition 

 
 
307                                                                                                          Int J Clin Exp Med 2011;4(4):299-308 

[8] Patel AR, Li J, Bass BL, Wang JY. Expression of 
the transforming growth factor-β gene during 
growth inhibition following polyamine depletion. 
Am J Physiol Cell Physiol 1988; 275: C590-
C598. 

[9] Luk GD, Marton LJ, Baylin SB. Ornithine decar-
boxylase is important in intestinal mucosal 
maturation and recovery from injury in rats. 
Science 1980; 210: 195-198. 

[10] McCormack SA, Johnson LJ. Role of polyamines 
in gastrointestinal mucosal growth. Am J 
Physiol Gastrointest Liver Physiol 1991; 260: 
G795-G806. 

[11] Yan X, Chen YG. Smad 7: not only a regulator, 
but also a cross-talk mediator of TGF-β signal-
ing. Biochem J 2011; 434: 1-10. 

[12] Xu Y, Pasche B. TGF-β signaling alterations and 
susceptibility to colorectal cancer. Human Mol 
Genetics 2007; 16: R14-R20. 

[13] Lonn P, Moren A, Raja E, Dahl M, Moustakas A. 
Regulating the stability of TGF-β receptors and 
Smads. Cell Res 2009; 19: 21-35. 

[14] Massague J, Blain SW, Lo RS. TGFβ signaling in 
growth control, cancer, and heritable disorders. 
Cell 2000; 103: 295-309. 

[15] Massague J. TGFβ signaling: receptors, trans-
ducers, and Mad proteins. Cell 1996; 28: 947-
950. 

[16] Akhurst RJ. TGF-β signaling in health and dis-
ease. Nat Genet 2004; 6: 790-792. 

[17] Quaroni A, J Wands, Trelstad RL, Isselbacher 
KJ. Epithelial cell cultures from rat small intes-
tine. J Cell Biol 1979; 80: 248-265. 

[18] Suh E, Traber PG. An intestine-specific ho-
meobox gene regulates proliferation and differ-
entiation. Mol Cell Biol 1996; 16: 619-625. 

[19] Rao JN, Li L, Li J, Bass BL, Wang JY. Differenti-
ated intestinal epithelial cells exhibit increased 
migration through polyamines and myosin II. 
Am J Physiol Gastrointest Liver Physiol 1999; 
277: G1149-G1158. 

[20] Rao JN, Liu L, Zou T, Marasa BS, Boneva D, 
Wang SR, Malone DL, Turner DJ, Wang JY. Poly-
amines are required for phospholipase C-γ1 
expression promoting intestinal epithelial cell 
restitution after wounding. Am J Physiol Gastro-
intest Liver Physiol 2007; 292: G335-G343. 

[21] Rao JN, Liu S, Zou T, Liu L, Xiao L, Zhang X, 
Bellevance E, Yuan JXJ, Wang JY. Rac1 pro-
motes intestinal epithelial restitution by in-
creasing Ca2+ influx through interaction with 
phospholipase C-γ1 after wounding. Am J 
Physiol Cell Physiol 2008; 295: C1499-C1509 

[22] Franzen P, Dijke PT, Ichijo H, Yamashita H, 
Schulz P, Heldin CH, Miyazono K. Cloning of a 
TGFβ type I receptor that forms a heteromeric 
complex with the TGFβ type II receptor. Cell 
1993; 75: 681-692. 

[23] Bradford MA. A rapid and sensitive method for 
the quantitation of microgram quantities of 
protein utilizing the principle of dying binding. 
Anal Biochem 1976; 72: 248-254. 

[24] Laemmli UK. Cleavage of structural proteins 
during the assembly of the head of bacterio-
phage T4. Nature 1990; 227: 680-685. 

[25] Patel A, Wang JY. Polyamine depletion is associ-
ated with an increase in JunD/AP-1 activity in 
small intestinal crypt cells. Am J Physiol Gastro-
intest Liver Physiol 1999; 276: G441-G450. 

[26] Harter JL. Critical values for Duncan’s new mul-
tiple range test. Biometrics 1960; 16: 671-685. 

[27] Trobridge P, Knoblaugh S, Washington MK, 
Munoz NM, Tsuchiya KD, Rojas A, Song X, Ul-
rich CM, Sasazuki T, Shirasawa S,Grady WM. 
TGF-β receptor inactivation and mutant Kras 
induce intestinal neoplasms in mice via a β-
catenin-independent pathway. Gastroenterol-
ogy 2009; 136: 1680-1688. 

[28] Pohlers D, Brenmoehl J, Löffler I, Müller CK, 
Leipner C, Schultze Mosgau S, Stallmach A, 
Kinne RW, Wolf G. TGF-β and fibrosis in differ-
ent organs - molecular pathway imprints. Bio-
chim Biophys Acta 2009; 1792: 746-756. 

[29] Liu X, Zhao J, Li F, Guo YS, Hellmich MR, Town-
send CM Jr, Cao Y, Ko TC. Bombesin enhances 
TGF-β growth inhibitory effect through apop-
tosis induction in intestinal epithelial cells. 
Regul Pept 2009; 158: 26-31. 

[30] Wipff PJ, Hinz B. Integrins and the activation of 
latent transforming growth factor 1-an intimate 
relationship. Eur J Cell Biol 2008; 87: 601-615. 

[31] Siegel PM, Massague J. Cytostatic and apop-
totic actions of TGF-β in homeostasis and can-
cer. Nat Rev Cancer 2003; 3: 807-821. 

[32] Roberts AB, Russo A, Felici A, Flanders KC. 
Smad3: a key player in pathogenetic mecha-
nisms dependent on TGF-β. Ann N Y Acad Sci 
2003; 995: 1-10. 

[33] Traber PG, Wu GD. Intestinal development and 
differentiation: In: Gastrointestinal Cancers: 
Biology, Diagnosis, and Therapy, edited by 
Rustgi AK. Lippincott Raven, Philadelphia, PA, 
USA, 1995; 21-43. 

[34] Li L, Li J, Rao JN, Li M, Bass BL, Wang JY. Inhibi-
tion of polyamine synthesis induces p53 gene 
expression but not apoptosis. Am J Physiol Cell 
Physiol 1999; 276: C946-C954. 

[35] Li L, Liu L, Rao JN, Esmaili A, Strauch ED, Bass 
BL, Wang JY. JunD stabilization results in inhibi-
tion of normal intestinal epithelial cell growth 
through p21 after polyamine depletion. Gastro-
enterology 2002; 123: 764-779. 

[36] Mulder KM, Segarini PR, Morris SL, Ziman JM, 
Choi HG. Role of receptor complexes in resis-
tance or sensitivity to growth inhibition by TGFβ 
in intestinal epithelial cell clones. J Cell Physiol 
1993; 154: 162-174. 

[37] Winesett MP, Ramsey GW, Barnard JA. Type II 
TGF-β receptor expression in intestinal cell lines 
and in the intestinal tract. Carcinogenesis 
1996; 17: 989-995. 

[38] Nishikawa Y, Wang M, Carr BI. Changes in TGF-
β receptors of rat hepatocytes during primary 
culture and liver regeneration: increased ex-



TGF-β receptors and sensitivity to growth inhibition 

 
 
308                                                                                                          Int J Clin Exp Med 2011;4(4):299-308 

pression of TGF-β receptors associated with 
increased sensitivity to TGF-β-mediated growth 
inhibition. J Cell Physiol 1998; 176: 612-623. 

[39] Wrana JL, Attisano L, Wieser R, Ventura F, Mas-
sague J. Mechanism of activation of  t h e 
TGF-β receptor. Nature 1994; 370: 341-347. 

[40] Wang JY, Johnson LR, Tsai YH, Castro GA. Mu-
cosal ornithine decarboxylase, polyamines, and 
hyperplasia in infected intestine. Am J Physiol 
Gastrointest Liver Physiol 1991; 260: G45-
G51. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


