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Abstract TGF-b is a potent pleiotropic factor that promotes small intestinal cell differentiation. The role of microRNAs in the TGF-b induction of intestinal epithelial
phenotype is largely unknown. We hypothesized that microRNAs are functionally involved in TGF-b-induced
intestinal cell growth. In this study, TGF-b caused a morphological change of IEC-6 cells and stimulated expression
of the epithelial cell markers alkaline phosphatase, villin,
and aminopeptidase N. By global microRNA profiling
during TGF-b-induced intestinal crypt cell (IEC-6) differentiation, we identified 19 differentially expressed microRNAs. We showed by real-time Q-PCR that miR-146b
expression increased rapidly after TGF-b treatment;
sequence analysis and in vitro assays revealed that miR146b targets SIAH2, an E3 ubiquitin ligase, with decreased
protein expression upon IEC-6 cell differentiation. Transfection of miR-146b inhibitor before TGF-b treatment
blocked the down-regulation of SIAH2 in response to
TGF-b. Moreover, SIAH2 over-expression during TGF-b
treatment caused a significant decrease in Smad7 protein
expression in IEC-6 cells. Furthermore, activation of the
ERK1/2 pathway is active in the up-regulation of miR146b by TGF-b. These findings suggest a novel mechanism
whereby TGF-b signaling during IEC-6 cell differentiation
may be modulated in part by microRNAs, and we propose
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a key role for miR-146b in the homeostasis of growth
factor TGF-b signaling through a negative feedback regulation involving down-regulation of SIAH2 repressed
Smad7 activities.
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Introduction
The mammalian small intestinal mucosa is a complex unit
with a turnover rate of 5–7 days, and this homeostasis is
tightly regulated. In response to extracellular cues, the
intestinal local stem cells on the basolateral side of the
crypts undergo proliferation, and differentiate into the four
functional differentiated cell types: enterocytes, enteroendocrine cells, goblet cells, and Paneth cells (Cheng and
Leblond 1974; van der Flier and Clevers 2009). Understanding the molecular mechanisms that govern intestinal
differentiation would not only greatly aid in defining the
important molecular events during development, but also
provide valuable information to target aberrantly expressed
molecules in pathological conditions.
Quaroni et al. first established the IEC-6 cell line and
demonstrated by ultrastructural and immunochemical
studies that it has features of undifferentiated small intestinal crypt cells (Quaroni et al. 1979). Since then, IEC-6
cells have been extensively used to examine the molecular
mechanisms of intestinal cell differentiation (Gendron
et al. 2006; Koo et al. 2009; Olson et al. 1991; Wood et al.
2003). Specifically, TGF-b (Barnard et al. 1989), mixtures
of exogenous nucleosides (thymidine ? cytidine ? guanosine ? inosine or uridine ? cytidine ? guanosine ?
inosine) (Rodrı́guez-Serrano et al. 2010), TNF-a, IFN-c

123

70

(Kolinska et al. 2008), gastrin (Wang et al. 2003), and
Matrigel (Carroll et al. 1988) have been reported to
effectively induce IEC-6 cell differentiation.
TGF-b is a pleiotropic cytokine which functions as a
tumor suppressor and proliferation inhibitor in the small
intestinal epithelium; dysregulation (inhibition or overexpression) of TGF-b can result in uncontrolled growth and
tumor formation (Wharton and Derynck 2009). Mammalian milk contains TGF-bs that are important for the
maintenance of intestinal homeostasis in the newborn
(Lönnerdal 2010; Penttila 2010). In its signaling pathway,
TGF-b ligands induce complex formation between type I
and type II serine/threonine kinase receptors, and intracellular signaling is subsequently initiated by the activated
type I receptor. Receptor-regulated Smad proteins
(R-Smad) (Smad2 and Smad3) are a class of intracellular
signaling molecules mediating the downstream effects of
TGF-b. After being activated, R-Smads form a complex
with Smad4. The resulting Smad complex translocates into
the nucleus to associate with chromatin and thus regulate
transcription (Sancho et al. 2004). The negative regulation
of the TGF-b signaling pathway is equally important to
achieve a tight biological balance, and the antagonism
could occur via inhibitory (I) Smads (Smad6 and Smad7),
or inhibition of Smad transcriptional function. I-Smads
compete with R-Smad to bind to cell surface receptors,
recruit phosphatases and E3 ubiquitin ligases to degrade
cell surface receptors, or prevent Smad complex formation;
the Smad interactors and Smad transcriptional co-repressors, such as SnoN, TIF1c, Ski, etc. directly sequester
Smad signals (Itoh and ten Dijke 2007; Miyazono 2000).
microRNAs have recently been suggested to be critical
regulatory components in TGF-b signaling. Specifically for
the differentiation stimulating effects of TGF-b, there have
been reports on muscle cells (Sun et al. 2008), human
adipose tissue stem cells (Kim et al. 2009), liver stem cells
(Rogler et al. 2009), and bone marrow-derived ST2 stromal
cells (Mizuno et al. 2009). The mechanisms by which
microRNAs play their roles in mediating TGF-b-induced
cell differentiation in small intestinal crypt cells, however,
are poorly addressed.
The objective of this study was to identify these
microRNA(s) and their involvement in molecular pathways
during TGF-b-induced IEC-6 cell differentiation.

Materials and methods
Cell culture
IEC-6 cells (rat small intestinal epithelial cells) and HEK293
(human embryonic kidney 293) cells were maintained as
described by Liao and Lönnerdal (2010a, b, c).
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For hematoxylin & eosin (H&E) staining, IEC-6 cells
were grown on sterile glass coverslips at 50 % confluency
in 24-well plates on top of cover slips, and treated with
50 ng/ml TGF-b (R&D Systems). Controls were treated
with the same growth medium without TGF-b. After 48 h,
the coverslips were removed and fixed with 4 % paraformaldehyde in 19 phosphate-buffered saline (PBS) for
15 min at room temperature, washed with 19 PBS three
times, at 5 min each, followed by H&E staining and
examination under a light microscope (Olympus, 409).
For miR-146b LNA inhibitor transfection and SIAH2
over-expression, IEC-6 cells were seeded at 50 % confluency per 6-well the day prior to transfection with 50 nM
miR-146b inhibitor (Thermo Scientific) or 100 ng/ml
pCMV-SPORT6-SIAH2 expression DNA (Open Biosystems). Cells were then treated with 50 ng/ml TGF-b and
collected 48 h after transfection for immunoblotting analyses. The control group was treated with 19 PBS alone.
For ERK1/2 signaling pathway analyses, IEC-6 cells
were seeded at 50 % confluency per 6-well the day prior to
the experiment, 50 ng/ml TGF-b with or without 10 lM
selective inhibitor of MEK1 and MEK2 U0126 (dissolved
in DMSO) were used to treat the cells, and cell proteins
were collected at 0, 5, 10, 30, and 60 min after treatment to
analyze ERK1/2, p-ERK1/2 expression. All transfections
were performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s recommendations.
Bioinformatics analysis
The mature sequence of miR-146b (50 -UGAGAACUGAA
UUCCAUAGGCUGU-30 ) was retrieved from the miRBase
Sequence Database, release 14 (http://microrna.sanger.ac.
uk/sequences/), and mRNA 30 UTRs of SIAH2 from
human, mouse, rat, and chimpanzee were aligned with the
miR-146b sequence using the ClustalW program (http://
www.ebi.ac.uk/Tools/clustalw/index.html).
The miR-146b gene targets were predicted from the
MicroCosm Targets Version 5 (http://www.ebi.ac.uk/
enright-srv/microcosm/cgi-bin/targets/v5/search.pl).
MicroRNA array
RNA integrities were examined on Bioanalyzer at the
University of California, Davis Genome Center. miRNA
microarray was performed at the J. David Gladstone
Institute Genomics Core facility, University of California,
San Francisco (http://www.gladstone.ucsf.edu/gladstone/
php/?sitename=genomicscore).
An amount of 300 ng of each RNA sample was labeled
with Cy5 or Cy3 using miRCURY LNA miRNA array
Power Labeling kit (Exiqon). Hybridization SureHyb
chamber kit and Gasket slide kit (Agilent) were used to

Genes Nutr (2013) 8:69–78

hybridize the labeled RNA for 18 h onto Exiqon miRCURY LNA miRNA array V.11.0 (miRBase Sequence Database, http://microrna.sanger.ac.uk/sequences, release 11.0).
This array contains 9,360 probes, 3,300 of which represent
825 human miRNAs with 4 duplicate probes per miRNA,
additional 1,400 probes for miRNA in mouse or rat and 472
probes for miRNA in human/mouse viruses. In addition,
there is a variety of controls and other probes: 1,640 empty,
476 spike_controls, 28 negative controls, 12 U6-snRNA,
60 hsa_SNORD, 1,728 miRPlus, 4 5SrRNA, and 240 Hy3.
For each group, 3 arrays were performed, and 1 array was
dye-swapped. Arrays were scanned on an Axon GenePix
4000B scanner, and GPR files containing fluorescent ratios
(TGF-beta-treated/untreated) were generated using GenePix Pro 6.0 software. Print tip loess normalization was used
within arrays. The values for each miRNA are the log2 of
median summarized PTL.

Vector construction
A 1,018 bp fragment of the SIAH2 mRNA 30 UTR (corresponding to nt 1,603–2,620 of the Entrez PubMed transcript
NM_005067) was PCR-amplified from a pCMV-SPORT6
vector containing SIAH2 full length cDNA (Open Biosystems); the PCR products were cloned into pGL3-control
luciferase reporter vector (Promega) via an XbaI restriction
site, immediately downstream of the luciferase gene.

Luciferase assay
For luciferase assays, HEK293 cells were seeded at 70 %
confluency per 96-well 6 h prior to transfection with
250 ng luciferase expression construct and 50–200 nM
miR-146b mimic (Thermo Scientific). Mock transfected
cells were transfected with luciferase expression construct
alone. cel-miR-67 (Thermo Scientific) served as a negative
control for miR-146b mimic. Luciferase activities were
measured 24 h after transfection using the Dual Glo
Luciferase Assay System (Promega), and pGL4.73[hRluc/
SV40] vector (Promega) was used as internal reference.
Real-time Q-PCR
Total RNA from cultured IEC-6 cells was isolated using
miRNeasy Mini Kit (Qiagen) and diluted to 2 lg/ll in
DEPC-treated nuclease-free water (Ambion Inc.).
For miR-146b assay, cDNA was generated from 2 lg
RNA using TaqManÒ MicroRNA Reverse Transcription
Kit (Applied Biosystems) according to the manufacturer’s
protocol. The miR-146b gene-specific stem-loop RT primer for reverse transcription was designed according to
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miRNAs sequences listed in the Sanger miRBase (http://
microrna.sanger.ac.uk/sequences/).
For intestinal epithelial cell marker gene assays, cDNA
was generated from 2 lg RNA using a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems).
Gene-specific primers were chosen using Primer Express
software (Applied Biosystems) to span exons in order to
avoid co-amplification of genomic DNA: alkaline phosphatase, sense primer 50 -CAGCCACCGCCTATCTCTGT-30 ,
antisense primer 50 -TGCTGTTGCACTGGTTGAATC-30 ;
villin, sense primer 50 -GCAGCTGCCATCTACACAACA-30 ,
antisense primer 50 -CGCTCTCATGGCCTTGGA-30 ; aminopeptidase N, sense primer 50 -TTTCTTCTTGGCCTGAG
CTGTT-30 , antisense primer 50 -TGTAGAAACCCTTGGC
CATGA-30 ; GAPDH sense primer 50 -GGTGTGAACCAC
GAGAAATA-30 , antisense primer 50 -TGAAGTCACAGG
AGACAACC-30 ; and SIAH2 sense primer 50 -TGCCTTGT
TTTTGACACAGC-30 , antisense primer 50 -AGTTGTGGG
TCCTGACTTGG-30 .
The RT reaction and PCR reaction for miRNA and
marker genes were performed as previously described
(Liao and Lönnerdal 2010a, b, c). Each sample was normalized to U87 for miR-146b and GAPDH for epithelial
cell markers, using the following equation: DCtGENE =
CtGENE - CtU87/GAPDH. The fold change, relative to the
control group, was calculated using the following equation:
2(DDCtGENE) where DDCtGENE = DCtGENE of U87/GAPDH - DCtGENE of each well.
Immunoblotting analysis
IEC-6 cells upon different treatments were homogenized in
RIPA buffer (25 mM Tris–HCl pH 7.6, 150 mM NaCl,
1 % NP-40, 1 % sodium deoxycholate and 0.1 % SDS)
containing 19 complete EDTA-free protease inhibitor
(Roche). Fifty micrograms of proteins was electrophoresed
through 10 % polyacrylamide gel, transferred onto nitrocellulose membrane at 350 mA for 60 min, and blocked
overnight in 19 PBS/0.1 % Tween-20 (PBST) with 5 %
non-fat milk at 4 °C.
Antibodies against SIAH2 and Smad7 were from Novus
Biologicals; antibodies against ERK1/2 and p-ERK1/2
were from Cell Signaling Technology. Bands were detected using Super Signal Femto chemiluminescent reagent
(Pierce) and quantified using the Chemi-doc gel quantification system (Bio-Rad). All data were normalized to
b-actin.
Data analysis
microRNA microarray data were analyzed according to
methods described earlier (Liao and Lönnerdal 2010a, b,
c). Raw and processed miRNA profile data were deposited
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in the gene expression omnibus (GEO) database (Edgar
et al. 2002) with accession number GSE20982 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20982).
All other data were analyzed by Prism (Prism GraphPad
Software). The effects of TGF-b treatment on miR-146b
expression in IEC-6 cells, miR-146b inhibitor on SIAH2
protein expression in IEC-6 cells, SIAH2 over-expression
on Smad7 protein expression, and the effect of miR-146b
mimic on luciferase activity in HEK293 cells were tested
by one-way ANOVA; Tukey’s test was performed to
compare all columns; the effects of U0126 on p-ERK1/2
expression and mutant ERK vector transfection on miR146b expression were tested by two-tailed Student’s t test.
Data are shown as means ± SEM of three independent
experiments. Differences were considered significant when
P \ 0.05.

Results

Fig. 1 TGF-b induces IEC-6 cell differentiation. IEC-6 cells in
6-well plates were treated with 50 ng/ml TGF-b, and the control
group was grown in growth media alone. After 48 h treatment, cell
morphology and mRNA expression of intestinal epithelial cell
markers were analyzed by H&E staining and real-time Q-PCR,
respectively. a Cell morphology. Treated cells are distributed more
evenly, contain more abundant cytoplasm, and have larger size and
smaller numbers of nucleoli. Cells also showed intercellular

connections around the cytoplasm and well-delineated cell borders,
indicating epithelial cell morphology. Cells in the control group
tended to aggregate and contained sparse plasma, small but many
nucleoli that are related to the active division ability; b Gene
expression. TGF-b significantly up-regulated the mRNAs for alkaline
phosphatase, villin, and aminopeptidase N (P \ 0.05). Values are
means ± SEM run in triplicates; asterisks indicate significant differences between TGF-b treatment and control groups
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TGF-b induces IEC-6 cell differentiation
The functional outcomes of TGF-b treatment were analyzed
by H&E staining and real-time Q-PCR. Firstly, TGF-b-treated
cells contain more abundant cytoplasm, have larger size and
smaller numbers of nucleoli. Cellular connections formed
around the cytoplasm resulting in well-delineated cell borders.
In certain areas, cells showed epithelial cell morphology. Cells
in the control group contained sparse cytoplasm, small but
abundant nucleoli which are related to the active division
ability, and the cytoplasm does not have clear cell boundaries
to the extracellular space. Compared with the even distribution of the treated group, the control cells tend to aggregate in
certain areas (Fig. 1a). Secondly, treatment of IEC-6 cells
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with TGF-b for 48 h significantly stimulated the expression of
the following intestinal epithelial cell markers: villin
(1.50 ± 0.09 vs. 1.00 ± 0.29, P \ 0.05) and aminopeptidase
N (2.35 ± 0.08 vs. 1.00 ± 0.16, P \ 0.01). Alkaline phosphatase readily detected after TGF-b treatment was undetectable prior to treatment (Fig. 1b). Therefore, 48 h after
treatment was selected to examine expression of microRNAs
during TGF-b stimulation of IEC-6 cells.
microRNAs are differentially regulated during TGF-b
stimulated IEC-6 cell differentiation
We used Exiqon miRNA microarray v11.0 to determine
the expression levels of mature miRNAs purified from

73

IEC-6 cells before and after 50 ng/ml TGF-b stimulated
cell differentiation. Among all the screened individual
miRNAs, 14 miRNAs were significantly upregulated,
including miR-146b, miR-23b, miR-26a, and miR-182,
whereas 5 were down-regulated (Fig. 2a). miR-146b
showed the most substantial up-regulation over the course
of 48 h as indicated by the arrow in the MA plots
(Fig. 2b). The raw data are deposited in Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), with
accession number GSE20133. Table 1 lists all 19 differentially regulated miRNAs and their respective fold
changes. Among these, 5 were significantly down-regulated and 14 were significantly up-regulated upon TGF-b
treatment.

Fig. 2 microRNAs are
regulated during TGF-bstimulated IEC-6 cell
differentiation. a Microarray
analysis identified 19 miRNAs
that significantly correlated with
IEC-6 cell differentiation upon
TGF-b treatment. Hierarchical
clustering analysis was
performed using Euclidian
distance. Each row represents
the relative levels of expression
for a significantly regulated
single microRNA, and each
column represents the relative
expression level of biological
replicate relative to the
untreated control (P \ 0.01).
Red color of treatment group
represents upregulation versus
control, and green color of
treatment group represents
downregulation; b The MA plot
shows averaged, backgroundsubtracted fold change (Y axis)
and average expression intensity
(X axis) of each probe, on both
channels for Cy-3-labeled
control and Cy-5-labeled treated
cells and their dye-swaps. Each
dot (insignificantly regulated) or
triangle (significantly regulated)
represents one miRNA probe.
Arrow indicates the miR-146b
probe
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Table 1 Fold change of differentially regulated miRNAs during
TGF-b-induced IEC-6 cell differentiation
microRNA

Fold change versus control

P value

hsa-miR-146b-5p

2.48

0.0009

hsa-miR-23b

1.90

0.0025

hsa-miR-182

1.81

0.0022

hsa-miR-26a

1.71

0.0022

hsa-miR-27a

1.60

0.005

hsa-miR-450a

1.59

0.004

hsa-miR-26b
hsa-miR-24

1.58
1.53

0.004
0.005

hsa-miR-542-3p

1.52

0.005

mmu-miR-23b

1.49

0.005

hsa-miR-10a

1.49

0.009

hsa-miR-96

1.46

0.007

hsa-miR-542-5p

1.43

0.01

mmu-miR-503

1.41

0.008

hsa-miR-1827

0.51

0.002

mmu-miR-691

0.61

0.004

hsa-miR-923

0.61

0.005

mmu-miR-467 g

0.65

0.007

mmu-miR-467f

0.70

0.008

miR-146b is regulated in the TGF-b signaling pathway
in a time-dependent manner
Analysis by real-time Q-PCR confirmed the presence of
miR-146b in IEC-6 cells and unveiled a distinct pattern of
induction in response to TGF-b treatment.
miR-146b continuously increased during the first 6 h
after treatment (1.33 ± 0.64 vs. 1.00 ± 0.13 at 3 h;
2.56 ± 0.07 vs. 1.00 ± 0.13 at 6 h compared to 0 h) and
remained at a plateau from 6 h until 48 h after treatment
(Fig. 3). Because miR-146b expression peaked at approximately 6 h after TGF-b treatment, we examined miR-146b
at this time point in subsequent experiments.
SIAH2 is a putative target for miR-146b
To identify putative miR-146b target genes, we first
retrieved the 941 predicted gene targets from the MicroCosm Targets Database. The mRNA sequences of the
genes were manually analyzed, and the result showed that
in the SIAH2 mRNA 30 UTR, sequences complementary to
the seed region of miR-146b were well conserved between
human, mouse, rat, and chimpanzee (Fig. 4a). Further,
luciferase reporter assay in HEK293 cells revealed that
miR-146b mimic co-transfection could repress the luciferase activity generated by luciferase vector containing the
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Fig. 3 miR-146b is regulated in the TGF-b signaling pathway in a
time-dependent manner. Real-time Q-PCR analysis of miR-146b
expression during 48 h of TGF-b treatment of IEC-6 cells. Data were
normalized to U87 levels, and values are means ± SEM run in
triplicates; letters indicate significant differences between time points

mRNA 30 UTR of SIAH2 in a dose-dependent manner. The
negative control cel-miR-67 did not result in any significant reductions in luciferase activity, demonstrating binding activity between the miR-146b sequence and SIAH2
mRNA (Fig. 4b). Furthermore, the down-regulation of
SIAH2 protein was significantly blocked when miR-146b
inhibitor is present in response to TGF-b compared to cells
treated with TGF-b alone (Fig. 4c), indicating SIAH2 is
downstream of miR-146b in the cellular context; as a
consequence of TGF-b intervention, SIAH2 mRNA transcripts decreased by 30 % while its protein level decreased
by 20 % (P \ 0.05), and miR-146b inhibitor restored the
SIAH2 mRNA expression to the level without TGF-b
(Fig. 4c), this observation implies that mechanistically,
miR-146b regulates SIAH2 mRNA primarily through
inducing transcript decay.
Smad7 is a downstream effector of SIAH2 during
TGF-b induced IEC-6 cell differentiation
To identify the downstream effector of SIAH2 during
TGF-b-induced IEC-6 cell differentiation, we transiently
over-expressed SIAH2 protein in IEC-6 cells. Compared
to untreated cells, TGF-b induced a significant decrease in
SIAH2 protein (0.51 ± 0.04 vs. 1.00 ± 0.15) and a significant increase in Smad7 protein (3.03 ± 0.44 vs.
1.00 ± 0.18). During the course of differentiation induction (shown by the up-regulation of ALP, villin, and
aminopeptidase N, as in Fig. 1b), compared to mock
transfected cells, SIAH2 over-expression (0.89 ± 0.05 vs.
0.60 ± 0.02) significantly blocked the up-regulation of
Smad7 total protein (1.78 ± 0.06 vs. 3.05 ± 0.08)
(Fig. 5).
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Fig. 4 SIAH2 is a putative target for miR-146b. a Sequence alignment
identified that the complementary region to the miR-146b seed region in
the SIAH2 mRNA 30 UTR was conserved between human, mouse, rat,
and chimpanzee; b miR-146b binds to and represses SIAH2 mRNA
through the mRNA 30 UTR. pGL3-control luciferase vector containing
the SIAH2 mRNA 30 UTR was co-transfected with indicated amounts of
miR-146b mimic in HEK293 cells, and luciferase activities were

analyzed 24 h post-transfection. A structurally unrelated miRNA (celmiR-67) served as a negative control. c IEC-6 cells were treated with
50 ng/ml TGF-b with or without transfection with miR-146b inhibitor
before treatment. After 48 h treatment, total SIAH2 protein and mRNA
transcripts were analyzed by immunoblotting and real-time Q-PCR,
respectively. Values are means ± SEM run in triplicates; letters
indicate significant differences between treatment groups (P \ 0.05)

Activation of the ERK1/2 pathway is involved
in TGF-b induced miR-146b up-regulation
during IEC-6 cell differentiation

signaling molecules. TGF-b has long been suggested to
stimulate cellular differentiation, and it was demonstrated
that positive and negative signals are of equal significance
to achieve a tightly regulated onset and termination of
TGF-b signaling (Moustakas and Heldin 2009). The present study clearly demonstrated that miR-146b is actively
induced upon TGF-b-stimulated IEC-6 differentiation, and
that this induction targets SIAH2 to release Smad7 activity
and requires ERK1/2 activation.
Proteosomal degradation of proteins by the ubiquitin
pathway is an important mechanism to maintain cellular
homeostasis. The ubiquitylation process involves covalent
attachment of ubiquitin to the substrate by three enzymes:
ubiquitin E1 activating enzyme, E2 ubiquitin-conjugating
enzymes, and E3 ubiquitin ligases, see review (Weissman
2001). SIAH1 (282 amino acids) and SIAH2 (324 amino
acids) are the human members of an evolutionary highly

The ERK1/2 signaling pathway was examined in TGF-bstimulated IEC-6 cell differentiation. ERK1/2 was
activated rapidly after TGF-b treatment (Fig. 6a), and
pretreatment with U0126, a highly selective inhibitor of
both MEK1 and MEK2, which are upstream activators of
ERK1 and ERK2, potently inhibited TGF-b-induced
ERK1/2 activation and miR-146b up-regulation (Fig. 6b).

Discussion
The strict regulation of small intestinal cell differentiation
requires elaborate interactions between a variety of
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conserved E3 ubiquitin ligase, sharing 76 % sequence
homology. Human SIAH1 and SIAH2 have overlapping
functions and recognize similar substrates (House et al. 2009).

SIAH1 is known to be involved in apoptosis and tumor suppression (Germani et al. 2003), and recently SIAH1 was also
suggested to indirectly target TGF-b/Smad transcription, thus
modulating duration and magnitude of the TGF-b signal in
C2C12 mouse myoblast cells (Johnsen et al. 2002).
miR-146b is highly conserved among vertebrates (http://
www.mirbase.org/cgi-bin/mirna_summary.pl?fam=MIPF
0000103) and shares an identical seed sequence (50 GAG
AACU30 ). Importantly, the miR-146b gene in human, rat,
and chimpanzee are located on the positive strand on the
same chromosome (Chr10), implicating substantial roles it
may have in targeted biological processes. There have been
other recent studies on the functions of miR-146b, but with
conflicting results. For example, up-regulation of miR146b could inhibit the metastasis of breast cancer (Hurst
et al. 2009), and glioma (Xia et al. 2009). A number of
other studies observed over-expression of miR-146b in
cancer (Melkamu et al. 2010; Chen et al. 2008; Fulci et al.
2009). The stimulatory effect of TGF-b on differentiation
of intestinal epithelial cells is closely associated with its
tumor suppressing effects; therefore, it is of significance to
examine whether and how miR-146b is involved in this
important biological process.
Studies have shown that base-pairing to the microRNA
seed region is critical for target mRNA recognition
(Doench and Sharp 2004; Brennecke et al. 2005). By
means of bioinformatics approaches, miR-146b was found
to possess 100 % base-pairing with the SIAH2 seed region
from human, mouse, rat, and chimpanzee and partial basepairing with the surrounding regions. Furthermore, luciferase assay in HEK293 cells (Fig. 4b) and miR-146b
inhibitor transfection in IEC-6 cells during TGF-b stimulation (Fig. 4c) suggest that the seed match to miR-146b
confers functional repression of the SIAH2 gene. miR146b inhibitor transfection alone in IEC-6 cells also had
stimulating effects on SIAH2 protein expression, indicating
a regulatory relationship between the two molecules.

Fig. 6 Activation of the ERK1/2 pathway is involved in TGF-binduced miR-146b up-regulation during IEC-6 cell differentiation.
a IEC-6 cells were treated with 50 ng/ml TGF-b for the indicated
times, and cells were analyzed for ERK1/2 and p-ERK1/2 by

immunoblotting. b, c IEC-6 cells were pre-treated with 10 lM U0126
for 15 min before treatment with 50 ng/ml TGF-b for 6 h. U0126
inhibition of p-ERK1/2 was confirmed by immunoblotting (b) and
miR-146b expression was observed by real-time Q-PCR (c)

ctrl

pCMV-SPORT6SIAH2
pCMVw/o
SPORT6
vector

SIAH2

Smad7
β -actin
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a
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b
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SIAH2
+TGF-β

Smad7
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Fig. 5 Smad7 is a downstream effector of SIAH2. pCMV-SPORT6SIAH2 vector was transfected into IEC-6 cells prior to TGF-b
treatment. After 36 h transfection, total Smad7 protein was analyzed
by immunoblotting. Over-expression of SIAH2 was confirmed by
immunoblotting. Values are means ± SEM run in triplicates; letters
indicate significant differences between treatment groups (P \ 0.05)
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Fig. 7 Schematic illustration of miR-146b function in IEC-6 cells
mediating TGF-b signaling. It is known that the stimulatory Smad2/3
form complex with Smad4 as an immediate consequence of TGF-b
stimuli; up-regulation of miR-146b (involving ERK1/2 activation)
directly causes the abundance of SIAH2 functional protein to
decrease, which releases of the inhibitory Smad7 to negatively
regulate the activities of stimulatory Smads, thus maintaining the
homeostasis of TGF-b signaling pathway

Smad7 is a 46-kD protein, which participates in the
negative feedback loop to control TGF-b responses. Smad7
is rapidly induced upon TGF-b stimulation and binds to the
TGF-b receptor complex, inhibiting TGF-b-mediated
phosphorylation of Smad2 and Smad3 (Nakao et al. 1997).
In fact, Smad7 was suggested to be a key molecular switch
that negatively regulates TGF-b signaling in the trabecular
meshwork (Fuchshofer et al. 2009). In this study, we overexpressed SIAH2 protein in IEC-6 cells by transfecting
SIAH2 expressing DNA driven by a CMV promoter before
TGF-b treatment. Notably, the abundance of Smad7 protein was down-regulated in response to up-regulation of
SIAH2, providing evidence that Smad7 is a putative
downstream effector of SIAH2.
The ERK1/2 signaling pathway is well known to play
pivotal roles in the differentiation of a variety of cell types,
including human marrow-derived mesenchymal stem cells
(Chang et al. 2008), human trophoblasts (Daoud et al.
2005), and postnatal neural stem cells (Hu et al. 2004).
Importantly, ERK MAP kinase was also suggested to crosstalk with TGF-b signaling pathway components (Hayashida et al. 2003; Lee et al. 2006; Fujita et al. 2004). Our data
of immediate ERK1/2 signal activation in TGF-b stimulated IEC-6 cell differentiation are consistent with data
acquired from other cell types.
In summary, we demonstrated that growth factor TGF-b
stimulated small intestinal crypt cell (IEC-6) differentiation. miR-146b up-regulation in part constitutes the intracellular negative feedback loop of TGF-b signal involving
Smad7 (Fig. 7). Our findings implicate an emerging role of
microRNA in gut growth and warrant greater efforts to
uncover microRNAs as diagnostic markers or therapeutic
targets in gut diseases.
Acknowledgments The authors would like to thank the support of
the UC Davis Clinical Nutrition Research Unit (funded by NIH DK

References
Barnard JA, Beauchamp RD, Coffey RJ, Moses HL (1989) Regulation of intestinal epithelial cell growth by transforming growth
factor type beta. Proc Natl Acad Sci USA 86:1578–1582
Brennecke J, Stark A, Russell RB, Cohen SM (2005) Principles of
microRNA-target recognition. PLoS Biol 3:e85
Carroll KM, Wong TT, Drabik DL, Chang EB (1988) Differentiation
of rat small intestinal epithelial cells by extracellular matrix. Am
J Physiol 254:G355–G360
Chang Y, Ueng SW, Lin-Chao S, Chao CC (2008) Involvement of
Gas7 along the ERK1/2 MAP kinase and SOX9 pathway in
chondrogenesis of human marrow-derived mesenchymal stem
cells. Osteoarthr Cartil 16:1403–1412
Chen YT, Kitabayashi N, Zhou XK, Fahey TJ 3rd, Scognamiglio T
(2008) MicroRNA analysis as a potential diagnostic tool for
papillary thyroid carcinoma. Mod Pathol 21:1139–1146
Cheng H, Leblond CP (1974) Origin, differentiation and renewal of
the four main epithelial cell types in the mouse small intestine.
V. Unitarian theory of the origin of the four epithelial cell types.
Am J Anat 141:537–561
Daoud G, Amyot M, Rassart E, Masse A, Simoneau L, Lafond J
(2005) ERK1/2 and p38 regulate trophoblasts differentiation in
human term placenta. J Physiol 566:409–423
Doench JG, Sharp PA (2004) Specificity of microRNA target
selection in translational repression. Genes Dev 18:504–511
Edgar R, Domrachev M, Lash AE (2002) Gene expression omnibus:
NCBI gene expression and hybridization array data repository.
Nucleic Acids Res 30:207–210
Fuchshofer R, Stephan DA, Russell P, Tamm ER (2009) Gene
expression profiling of TGFbeta2- and/or BMP7-treated trabecular meshwork cells: Identification of Smad7 as a critical
inhibitor of TGF-beta2 signaling. Exp Eye Res 88:1020–1032
Fujita H, Omori S, Ishikura K, Hida M, Awazu M (2004) ERK and
p38 mediate high-glucose-induced hypertrophy and TGF-beta
expression in renal tubular cells. Am J Physiol Renal Physiol
286:F120–F126
Fulci V, Colombo T, Chiaretti S, Messina M, Citarella F, Tavolaro S,
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