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Transcriptional Suppression of mir-29b-1/mir-29a Promoter
by c-Myc, Hedgehog, and NF-kappaB
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ABSTRACT
MicroRNAs regulate pathways contributing to oncogenesis, and thus the mechanisms causing dysregulation of microRNA expression in

cancer are of significant interest. Mature mir-29b levels are decreased in malignant cells, and this alteration promotes the malignant

phenotype, including apoptosis resistance. However, the mechanism responsible for mir-29b suppression is unknown. Here, we examined

mir-29 expression from chromosome 7q32 using cholangiocarcinoma cells as a model for mir-29b downregulation. Using 50 rapid

amplification of cDNA ends, the transcriptional start site was identified for this microRNA locus. Computational analysis revealed the

presence of two putative E-box (Myc-binding) sites, a Gli-binding site, and four NF-kB-binding sites in the region flanking the transcriptional

start site. Promoter activity in cholangiocarcinoma cells was repressed by transfection with c-Myc, consistent with reports in other cell types.

Treatment with the hedgehog inhibitor cyclopamine, which blocks smoothened signaling, increased the activity of the promoter and

expression of mature mir-29b. Mutagenesis analysis and gel shift data are consistent with a direct binding of Gli to the mir-29 promoter.

Finally, activation of NF-kB signaling, via ligation of Toll-like receptors, also repressed mir-29b expression and promoter function. Of note,

activation of hedgehog, Toll-like receptor, and c-Myc signaling protected cholangiocytes from TRAIL-induced apoptosis. Thus, in addition to

c-Myc, mir-29 expression can be suppressed by hedgehog signaling and inflammatory pathways, both commonly activated in the genesis of

human malignancies. J. Cell. Biochem. 110: 1155–1164, 2010. � 2010 Wiley-Liss, Inc.
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M icroRNAs are small regulatory RNAs that affect protein

expression post-transcriptionally, including suppressing

translation or causing mRNA degradation. Altered expression levels

of microRNAs have been described in many cancers and result in

aberrant expression of proteins that influence malignant behavior,

such as resistance to apoptosis, proliferation, and metastasis.

Mechanisms of control of microRNA expression include altered

transcriptional activity by transcription factor binding to enhancer
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and repressor elements [O’Donnell et al., 2005; Chang et al., 2007,

2008; Raver-Shapira et al., 2007; Tarasov et al., 2007] and regulated

processing [Davis et al., 2008] or transport [Lee et al., 2008] of

microRNA precursors.

Decreased expression of mir-29 family members has been

described in multiple cancers, including cholangiocarcinoma,

non-small cell lung cancer, nasopharyngeal cancer, and acute

myeloid leukemia [Fabbri et al., 2007; Mott et al., 2007; Sengupta
1155

1-propanesulfonate; DMEM, Dulbecco’s
cetic acid; EST, expressed sequence tag;
S, 4-(2-hydroxyethyl)-1-piperazineetha-
S, phosphate-buffered saline; 50 RACE, 50

se chain reaction; SEM, standard error of
tetraactetic acid; TLR, Toll-like receptor;

y Diseases; Grant numbers: DK 79875,
esota, USA.

dicine, College of Medicine, Mayo Clinic,

.22630 � � 2010 Wiley-Liss, Inc.

iley.com).



et al., 2008; Garzon et al., 2009]. Potential targets of mir-29

contributing to the malignant phenotype include the anti-apoptotic

protein Mcl-1 [Mott et al., 2007], phosphatidyl inositol 3 kinase

[Park et al., 2009], DNA methyl transferase 3 [Fabbri et al., 2007],

extracellular matrix proteins including collagens potentially

involved in metastasis [Sengupta et al., 2008], and cell cycle

regulators [Garzon et al., 2009]. Expression of mir-29 is not

universally decreased in cancer, as it has been found to be increased

in metastatic breast cancer samples [Gebeshuber et al., 2009],

illustrating the importance of the physiological context. The

mechanisms regulating expression of mir-29 in normal and cancer

cells are thus of interest because restoring mir-29 expression may

alleviate multiple oncogenic signals, including tumor-suppressor

promoter methylation, extracellular matrix remodeling, and anti-

apoptotic signaling. Recently, c-Myc was shown to contribute to

mir-29 repression [Chang et al., 2008], and identification of

additional mechanisms of suppression is of interest.

Inflammation-related cancers often utilize activation of NF-kB

signaling to sustain the malignant phenotype [Pikarsky et al., 2004;

Karin, 2006]. NF-kB has been described to stimulate expression of

mir-143 in the hepatitis-B virus associated hepatocellular carci-

noma [Zhang et al., 2009] through binding to the upstream DNA of

the mir-143 locus. Alternatively, NF-kB activation represses let-7i

expression in parasite-infected cholangiocarcinoma cells [O’Hara

et al., 2009] through toll-like receptor (TLR) activation in co-

operation with the transcription factor C/EBP-alpha. During

myogenesis, NF-kB acts through the transcription factor Yin

Yang-1 to repress expression of mir-29b-2/mir-29c from chromo-

some 1, and decreased Yin Yang-1 during differentiation permits

increased mir-29b-2/mir-29c expression. This situation is reversed

in rhabdomyosarcoma where mir-29b-2/mir-29c levels are dec-

reased while Yin Yang-1 levels are increased [Wang et al., 2008].

Thus, NF-kB is a potential modulator of mir-29 expression.

Reactivation of the developmental hedgehog signaling pathway

is a feature of many cancers [Berman et al., 2003; Jiang and Hui,

2008]. Hedgehog contributes to cancer cell survival through the

activity of hedgehog-responsive Gli transcription factors that

activate or repress target gene expression [Kasper et al., 2006].

Gli proteins are in turn inhibited by the cytoplasmic protein

suppressor of fused. Recently mir-17-92 expression was described to

be overexpressed in a subset of medulloblastomas that have

activated hedgehog signaling [Northcott et al., 2009; Uziel et al.,

2009]. During somitogenesis, where hedgehog signaling drives

specification of muscle cell fates, mir-214 repressed suppressor of

fused, increasing both the activator and repressor effects of Gli

signaling, dependent upon hedgehog levels [Flynt et al., 2007].

Hedgehog signaling in malignant cells is a potential candidate for

regulating microRNA expression.

Here, using cholangiocarcinoma cells as a model for mir-29

regulation, we report the cloning of a functional mir-29b-1/mir-29a

promoter region. This promoter sequence is regulated by c-Myc, NF-

kB, and hedgehog signaling pathways. These data provide

mechanistic insight into the pathways contributing to mir-29

downregulation in human malignancies. Inhibition of these path-

ways with restoration of mir-29 expression is a potential therapeutic

approach for cancers such as cholangiocarcinoma.
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MATERIALS AND METHODS

CELL LINES

H69 non-malignant cholangiocytes were cultured as described

[Grubman et al., 1994]. KMCH and HuCCT-1 malignant cholangio-

carcinoma cells were cultured in DMEM supplemented with

10,000 U/L penicillin, 10 mg/L streptomycin, 50 mg/L geneticin,

and 10% (v/v) heat-inactivated fetal calf serum at 378C in 5% CO2.

RNA ISOLATION

Total RNA, including small RNA species, was isolated using the

mirVana isolation kit (Ambion, Austin, TX). Cells were washed with

PBS and lysed directly in the culture dish by addition of Lysis/

Homogenization Buffer, followed by scraping. The resulting lysate

was processed as instructed by the manufacturer.

RT-PCR

Expression of primary and precursor RNA for mir-29a, -29b-1, -29b-2,

and -29c was assessed by RT-PCR using the following primers:

precursor mir-29a, forward 50 CTGATTTCTTTTGGTGTTCAG, reverse

50 AACCGATTTCAGATGGTGC; precursor mir-29b-1, forward 50

CATATGGTGGTTTAGATTT, reverse 50 AACACTGATTTCAAATGG

TG; precursor mir-29b-2, forward 50 GCTGGTTTCACATGGTGGC,

reverse 50 AACACTGATTTCAAATGGTG; precursor mir-29c, for-

ward 50 CGATTTCTCCTGGTGTTCA, reverse 50 ACCGATTTCAAA

TGGTGC; primary mir-29a, forward 50 CAGAGACTTGAGCATCTG

TG, reverse 50 AACCGATTTCAGATGGTGC. Products were separated

by 1% (w/v) agarose gel electrophoresis and visualized by ethidium

bromide fluorescence. Bands were excised and processed for

sequencing using the QiaQuick procedure (Qiagen, Valencia, CA).

Mature mir-29b and the housekeeping RNA Z30 were quantified

using real-time PCR with hydrolysis probe technology (Applied

Biosystems, Foster City, CA).

5( RAPID AMPLIFICATION OF cDNA ENDS

A 50 RACE kit (Invitrogen, Carlsbad, CA) was employed. Briefly, for

50 RACE total RNA isolated from H69 cells was reverse transcribed

using a gene-specific primer (GSP 1 or GSP 3), and subsequently

tailed with terminal deoxynucleotidyl transferase and dCTP. cDNA

was then PCR amplified using the 50 RACE Abridged Anchor Primer

and a second, upstream gene-specific primer (GSP 2 or GSP 4). 50

RACE employing gene-specific primers annealing between mir-

29b-1 and mir-29a (GSP 1: 50 GACCTGACTGCCATTTGTGAT; GSP 2:

50 GACCTGACTGCCATTTGTGAT) demonstrated the expected clea-

vage product from Drosha processing (not shown). Thus, a pair of

gene-specific primers located 3 nucleotides (GSP 3) and 32

nucleotides (GSP 4) upstream of the inferred 50 Drosha cleavage

site for mir-29b-1 was designed: GSP 3: 50 CCTGAAGAAGCTT-

TATGATC, and GSP 4: 50 AGAATTCGCTAGCTTCATAATGCTCT

CTTACA. GSP 4 contained EcoRI and NheI restriction sites,

underlined.

ENHANCER ELEMENT PREDICTION

Sequences predicted to serve as transcription factor binding

sites were defined by Enhancer Element Locator analysis (http://
JOURNAL OF CELLULAR BIOCHEMISTRY



www.cs.helsinki.fi/u/kpalin/EEL/) using the human and mouse

sequences as input.

PROMOTER CONSTRUCTS

The bacterial artificial chromosome RP11-36B6 (Invitrogen) was

confirmed to contain the mir-29b-1/mir-29a sequence from

chromosome 7 by PCR (not shown). The region flanking the

transcription start site (determined by 50 RACE) was amplified by

long-PCR using the PfuI polymerase and primers containing rest-

riction sites (MluI or BglII) followed by sequence complementary to

position �1530 (50 TACCACGCGTCCTTTCAGAATTTCACATCC) and

þ165 (50 GATCAGATCTGTAGTTAGCGACCTCTGCT) of the putative

promoter. This amplicon was cloned into pGL3 in the MluI and

BglII sites within the multiple cloning site adjacent to the firefly

luciferase gene. The correct sequence was confirmed by automated

sequencing. Site-directed mutagenesis (QuickChange, Stratagene,

La Jolla, CA) was employed to target the putative Gli binding site.

Transfections were performed using FuGene HD (Roche, Indiana-

polis, IN) and renilla luciferase from pCMV-RL was included to

normalize expression of firefly luciferase, and data are expressed as

luminescence from firefly luciferase divided by luminescence from

renilla luciferase, detected using a Turner Designs TD-20/20

luminometer and the dual luciferase assay (Promega, Madison, WI).

MYC EXPRESSION

Enforced expression of c-Myc was performed by transfection of a

c-Myc expression vector derived from pCDNA3 (Addgene plasmid

16011) [Ricci et al., 2004]. Control cells were transfected with

pCDNA3.1.

NF-kB ACTIVATION

The TLR ligands, including TLR-4 ligand lipopolysaccharide (LPS)

and TLR-5 ligand Flagellin, were purchased from Axxora (San

Diego, CA) as part of a TLR ligand set. LPS was used at 1mg/ml and

Flagellin at 100 ng/ml. Cells were treated for 30 min for immuno-

fluorescence or 24 h for RNA isolation. Immunofluorescence for

p65 and p50 was performed on cells grown on collagen-coated

coverslips and fixed in 3% (v/v) paraformaldehyde, 10 mM HEPES,

3 mM magnesium chloride, and 1 mM EGTA in PBS. Fixed cells were

permeabilized in 0.0125% CHAPS in PBS, washed in PBS, blocked in

PBS with 5% glycerol (w/v), 5% goat serum (v/v), 0.01% sodium

azide (w/v) and incubated overnight at 48C in 1:1,000 rabbit anti-

p65 primary antibody (C-20, Santa Cruz Biotechnology, Santa Cruz,

CA) or 1:50 mouse anti-p50 primary antibody (E-10, Santa Cruz

Biotechnology) in blocking buffer. AlexaFluor-488 conjugated

secondary antibodies (Goat anti-rabbit or goat anti-mouse, respec-

tively; Molecular Probes, Eugene OR) were used for visualization

using a Zeiss 480 epi-fluorescent confocal microscope.

ELECTROPHORETIC MOBILITY SHIFT ASSAY

Double stranded 30-mer oligonucleotides labeled with cy5.5 at the

50 terminus of one strand were synthesized (Mayo Clinic Advanced

Genomics Technology Core, Rochester, MN), incubated with nuclear

extract (2.5mg protein) for 30 min at room temperature. Gel shift

assays utilizing the Gli binding site probe (50 TGCTACCGCAG

CCCGCCCAGACGGATCTGC) were done in 140 mM KCl, 5 mM NaCl,
JOURNAL OF CELLULAR BIOCHEMISTRY
1 mM K2HPO4, 2 mM MgSO4, 20 mM HEPES (pH 7.05), 0.1 mM

EGTA, 1mM ZnSO4 supplemented with poly-dIdC (1:40), 1mg

salmon sperm DNA, 0.5% (w/v) non-fat dry milk, 1% (w/v) triton-

X100. For NF-kB, the binding reaction was performed in 75 mM KCl,

2 mM HEPES (pH 7.5), 2.5 mM DTT, 5% glycerol (w/v), poly-dIdC

(1:40), and 1 mg/ml bovine serum albumin. NF-kB probes were,

�561: 50 TCCTCCCCGAGTGGCTTTCCTCCCCACAAT; �110: 50 ATG

AACGTTGTGAAATCCCTCCTTTATAAT; þ134: GCCAGGAGCTGGT-

GATTTCCTAAGCAGAGG. The reaction mix was separated on a 5%

acrylamide-TBE gel that had been pre-run for 30 min in 0.5� TBE.

The label was imaged using a Li-Cor Odyssey scanner.

APOPTOSIS ASSAY

H69 cells were treated with 1mg/ml LPS or 10mg/ml sonic hedgehog

ligand overnight, followed by TRAIL treatment (4 ng/ml) for 8 h.

Alternatively, cells were transfected with pCDNA/myc and pEGFP at

4:1 ratio at 48 and again 24 h prior to apoptosis measurements.

Transfected cells were treated with TRAIL (1 ng/ml) for 8 h. Nuclei

were stained with 40,6-diamidino-2-phenylindole dihydrochloride

(DAPI, 1,000� stock¼ 5 mg/ml in water; Sigma, St. Louis MO) and

visualized by fluorescence microscopy using excitation and emis-

sion wavelengths of 380 and 430 nm. Apoptosis was quantified by

counting characteristic pyknotic nuclei that were strongly DAPI-

positive.

REAGENTS

Sonic hedgehog signaling was inhibited using cyclopamine (LC

Laboratories, Woburn, MA) at 5mM, or the antagonistic antibody

5E1 (Developmental Studies Hybridoma Bank, Iowa City, IA) at

10mg/ml. Silencer siRNA Construction kit from Ambion (Austin,

TX) was utilized to generate siRNA to inhibit Gli-3 expression with

the template sequence 50-AAGGCATAATGTTGTCACAGACCTGT

CTC (partial T7-promoter sequence is bold).

STATISTICAL ANALYSIS

Unless otherwise indicated, all experiments were performed in

triplicate. Statistical significance where multiple comparisons were

possible was determined by one-way ANOVA with Bonferroni

correction. Otherwise, unpaired two-tailed Student’s t-test was

performed. A P-value of less than 0.05 was considered significant.

All data are means� SEM.

RESULTS

IDENTIFICATION AND CLONING OF A FUNCTIONAL

mir-29b-1/mir-29a PROMOTER

Family members of mir-29 include mir-29a, -29b-1, -29b-2, and -29c.

These are arranged at two genomic sites in pairs, such that mir-29b-1

and mir-29a are separated by 652 bases on chromosome 7q32.3 and

mir-29b-2 and mir-29c are separated by 507 bases on chromosome

1q32.2 (Fig. 1A). To assess which of these loci express mir-29 in

cholangiocytes, RT-PCR for the precursor microRNAs was

performed. Amplification of pre-mir-29a yielded a strong product,

while pre-mir-29b-1, -29b-2, and -29c had detectible, but less

intense expression (Figure 1B). At the mir-29b-1/mir-29a locus on

chromosome 7, a spliced expressed sequence tag (EST; BI768447)
REGULATION OF mir-29b-1/mir-29a PROMOTER 1157



Fig. 1. mir-29b-1/mir-29a transcript from chromosome 7. A: Schematic diagram of mir-29 family members, which exist at paired loci on chromosome 1 (mir-29b-2 and mir-

29c) and chromosome 7 (mir-29b-1 and mir-29a). The boxed regions indicate the position of the precursor microRNA sequence, with the black box representing the passenger

strand (mir-29�) and the open box the mature microRNA. B: RT-PCR for precursor mir-29 family members from total RNA isolated from the H69 cholangiocyte cell line. Primers

were positioned on each side of the predicted stem-loop precursor and amplification was carried out for 30 cycles. The size of expected amplicons is noted below the

electrophoretogram; size markers are indicated to the right. C: RT-PCR for the primary mir-29a transcript (Left) or using primers complementary to exons described for the

expressed sequence tag AI768447 demonstrated robust expression of the mir-29a transcript but low expression of the EST, even in spleen where the sequence was discovered.

RT-PCR for the EST did yield the expected 172 bp product, as well as products of 252, 291, and 371 bp (open arrows). D: Sequencing of cloned RT-PCR products from (C) revealed

alternative spice forms from the same locus composed of exons 2 and 5b (172 bp), exons 2, 3, and 5b (252 bp), exons 2 and 5a (291 bp), and exons 2, 3, and 5a (371 bp). These

gene products are illustrated below the mir-29b-1/mir-29a locus. Exon 5 includes alternative 30 acceptor sites, resulting in exon 5a (267 bp, hatched plus shaded bars) and a

shorter exon 5b (148 bp, shaded bar). Sequence analysis of the putative promoter revealed predicted binding sites for Gli, Myc, and NF-kB, which are indicated as sequence logos

created from manually aligned binding sites using weblogo. The height of each letter indicates the conservation at that position between the sites analyzed. There is a single Gli

site, so all bases are shown at full height.
has been described from splenic RNA. To determine if mir-29b-1/

mir-29a was expressed from the intron of this EST, RT-PCR was

performed on RNA from H69 cholangiocyte cells and from total

splenic RNA (Ambion). Primers positioned within the exons of

the EST yielded only a faintly detectible series of products after

32 cycles of amplification in either sample, while RT-PCR for pri-

mir-29a yielded a strong band in both spleen and cholangiocyte

cell RNA (Fig. 1C). The identity of each band was confirmed by

automated sequencing of the gel purified band after subcloning

into TOPO-pCR2.1. While faint, there were four distinct products

of RT-PCR from the EST in both splenic and cholangiocyte RNA

which were determined to be previously undescribed splice

variants and were deposited in GenBank (accession numbers

GU321463-321467).

Thus mir-29b-1/mir-29a is likely expressed independently of the

EST, suggesting an alternate transcription start site. 50 RACE was
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performed on total RNA extracted from H69 cells that had been

transfected with Drosha siRNA [Oligo #2, Lee et al., 2003] 72 h

previously to maintain un-processed primary mir-29 transcript. The

resulting clone was sequenced and demonstrated a spliced transcript

with 3 upstream exons and a 30 splice acceptor site immediately

upstream (59 bp from precursor) of mir-29b-1 consistent with mir-

29b-1 and mir-29a residing on exon 4 (GenBank accession number

GU321462). The identified 30 splice acceptor exhibits the expected

features of a canonical splice acceptor, including a polypyrimidine

tract upstream of the TAG/G acceptor site [Black, 2003]. The 50

terminus of the RACE product was taken as the transcription

start site (þ1) and flanking DNA was considered for promoter

analysis (Fig. 1D). Of note, Chang et al. recently described a 50 RACE

product from this locus which shares the upstream exons but has a

transcription start 131 nucleotides upstream of the site we observed

(GenBank accession EU154353).
JOURNAL OF CELLULAR BIOCHEMISTRY



Initially, approximately 10 kb of genomic DNA sequence from the

human and mouse genomes were queried for predicted transcription

factor/enhancer binding sites. Manual curation for transcription

factors with cancer relevance revealed binding sites for hedgehog-

responsive Gli, Myc and N-Myc, NF-kB, and p53. Both Gli and NF-

kB binding sites were observed more than 5 times. A smaller

fragment from �1530 to þ165 relative to the transcription start site

included binding sites for Gli, Myc, and NF-kB (Fig. 1D) and was

incorporated into a luciferase-based reporter plasmid. This putative

promoter increased luciferase expression over the empty vector in

KMCH cells, consistent with the presence of promoter activity

(Fig. 2A).
Fig. 2. mir-29b-1/mir-29a promoter construct activity. A: The DNA

sequence (�1530 to þ165) flanking mir-29 transcriptional start site (þ1)

was ligated into the pGL3 reporter. This DNA sequence transfected into KMCH

cells displays promoter activity greater than the empty vector. B: Comparison

of luciferase activity in non-malignant H69 cells compared to malignant

cholangiocarcinoma cell lines KMCH and HuCCT-1 cells 24 h after transfection

with the promoter reporter construct. C: Enforced c-Myc expression reduced

promoter activity, as determined by luciferase assay following cotransfection

of the reporter plus a c-Myc expression construct, or empty pCDNA3.1 control.

All data are mean� SEM, and are representative of three separate experiments.
�P< 0.05; ��P< 0.01.

JOURNAL OF CELLULAR BIOCHEMISTRY
REGULATION OF THE mir-29b-1/mir-29a PROMOTER REGION

BY c-Myc

To determine if the putative promoter demonstrates activity

consistent with known expression of mir-29, we compared activity

of the promoter in H69 cells to malignant cholangiocarcinoma cells

KMCH and HuCCT-1. The promoter was significantly less active in

malignant cells (Fig. 2B), consistent with decreased expression of

mir-29b in KMCH cells [Mott et al., 2007]. The mir-29b-1/mir-29a

promoter region contains a canonical E-box Myc binding site (50

CACGTG located at �261 from the transcription start site), as well

as a close match (50 CACATG; �1317) that were both predicted Myc

binding sites. The site at �261 is perfectly conserved between

human, rhesus monkey, mouse, and dog sequences, consistent with

a functional site, while the �1317 site is conserved between human

and rhesus. Indeed, repression of mir-29 expression by c-Myc

expression has been demonstrated in B cell lymphoma [Chang et al.,

2008]. Consistent with Myc-dependent repression, enforced expres-

sion of c-Myc decreased promoter activity by 50% (Fig. 2C).

Collectively, these data confirm suppression of mir-29 expression

by c-Myc and provide support that the region upstream of the mir-

29b-1/mir-29a transcriptional start site is indeed a functional

promoter region.

HEDGEHOG SIGNALING REGULATES THE

mir-29b-1/mir-29a PROMOTER

We have recently confirmed the expression of mRNA for hedgehog

signaling components in KMCH cells (Kurita et al., unpublished)

including the ligand Sonic hedgehog, the receptor patched-1, the

7-transmembrane signaling component smoothened, and Gli-1, -2,

and -3. Computational analysis demonstrated a putative Gli-binding

site at �424 (50 GCCCGCCCA) in the human mir-29b-1/mir-29a

promoter sequence. To assess whether hedgehog signaling affected

the activity of the mir-29b-1/mir-29a promoter, reporter activity

was measured in cells treated with cyclopamine, an inhibitor of

smoothened. Luciferase activity increased significantly when cells

were treated overnight with cyclopamine, but not when the putative

Gli-binding site was disrupted (Gli-mut) by site-directed mutagen-

esis (Fig. 3A). The loss of responsiveness to cyclopamine of the

Gli-mut promoter suggested that Gli transcription factors directly

bind this site in the mir-29 promoter. To further address this, a

double-stranded DNA probe was designed based on the putative Gli-

binding site for gel shift analysis. Nuclear extract from KMCH cells

treated with cyclopamine exhibited binding activity to this probe,

and excess cold probe competed for binding, demonstrating

sequence specificity (Fig. 3B). Thus the putative Gli-binding site

is necessary for increased promoter function upon cyclopamine

treatment and is sufficient to elicit the binding of nuclear proteins.

To determine if hedgehog inhibition resulted in increased mature

mir-29b expression, KMCH cells were treated with cyclopamine

followed by RNA isolation and qRT-PCR for mir-29b. Expression of

mir-29b increased 2.5-fold after treatment with cyclopamine

(Fig. 3C). When anti-Sonic hedgehog antiserum (5E1) or siRNA to

Gli-3 was used to inhibit Sonic hedgehog, stimulation of expression

of mir-29b was also observed to 46% and 43% over controls,

respectively, after 12 h (5E1) or 48 h (siRNA) of treatment (not

shown). In agreement with previous studies [Berman et al., 2003],
REGULATION OF mir-29b-1/mir-29a PROMOTER 1159



Fig. 3. Expression of mir-29b-1/mir-29a is regulated by hedgehog signaling.

A: Cyclopamine treatment (5mM, 16 h) of KMCH cells transfected with the

mir-29b-1/mir-29a promoter reporter increased promoter activity three- to

fourfold compared to medium. The same promoter construct except with a

mutated Gli binding site (50 GCCCGCCCA converted to 50 GCCGGGCCA)

however was not responsive to cyclopamine. Mean� SEM, ��P< 0.01. B:

Gel shift analysis of nuclear extract from cells treated overnight with cyclo-

pamine demonstrates two shifted bands that can be competed by 200� molar

excess of cold probe (arrows) and a non-specific band (�) that was not

competed. C: Mature mir-29b was measured by RT-PCR using a hydrolysis

probe assay (Applied Biosystems) from cells treated with medium or cyclo-

pamine (5mM, 16 h) revealing two- to threefold increased levels of mature

mir-29b. All data are normalized by dividing the mir-29b signal by that of the

housekeeping RNA Z30 as an internal standard. Mean� SEM, ��P< 0.01.
the increased mir-29b expression suggested constitutive hedgehog

signaling in cholangiocarcinoma cells, and we demonstrate here

that this pathway repressed mir-29b expression.

REGULATION OF THE mir-29b-1/mir-29a PROMOTER BY NF-kB

Three NF-kB sites were predicted within the �1530/þ165 promoter

so the effect of NF-kB activation on mir-29 expression was

determined. Multiple TLRs are expressed in cholangiocytes and

activate NF-kB upon receptor ligation [Harada et al., 2003; Chen

et al., 2005]. Initially, we employed a panel of ligands for TLRs and

determined mir-29b expression by RT-PCR in duplicate H69 cell

samples. Cells treated with ligands for TLR-3 (Poly(I:C)), TLR-4

(LPS), TLR-5 (Flagellin), and TLR-6 (MALP-2) all showed similarly

decreased mir-29b expression compared to medium-treated cells

(Fig. 4A). Ligands for TLR-1/2 (Pam3CSK4), TLR-7/8 (Poly(U)), and

TLR-9 (CpG ODN) did not consistently decrease mir-29b expression

(Fig. 4A). The decreased mir-29b expression began after 4 h of LPS

treatment and increased by 24 h (Fig. 4B). Both LPS and Flagellin

also repressed mir-29b-1/mir-29a promoter activity, consistent with

a transcriptional mechanism of action (Fig. 4C).

TLRs activate NF-kB and we confirmed that treatment with either

LPS or Flagellin caused activation of NF-kB in H69 cholangiocytes.
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Indeed, treatment with either LPS, or Flagellin, induced nuclear

localization of the p65 and p50 subunits of NF-kB, similar to

treatment with TNF-a as a positive control (Fig. 4D). We did not

observe p65 or p50 nuclear localization in untreated cells,

suggesting that NF-kB signaling is not constitutively active in cell

culture. Double stranded oligonucleotide probes designed from

each of the three predicted NF-kB sites, (�561, �110, and þ134)

exhibited a gel shift in the presence of nuclear extract from

LPS-treated H69 cells (Fig. 4E). Additionally, excess unlabeled

oligonucleotides (25–40-fold molar excess) effectively competed for

binding, demonstrating sequence specificity. Taken together, these

data support the role of NF-kB activation through TLR signaling as a

suppressor of mir-29b-1/mir-29a promoter function and expression

of mature mir-29b through recognition of NF-kB binding sites.

PROTECTION FROM APOPTOSIS BY HEDGEHOG, TLR, AND

c-Myc SIGNALING

Functionally, mir-29 promotes apoptosis while repression of mir-29

levels is protective. Thus, we assessed the effect of hedgehog, TLR,

and c-Myc activation on apoptosis in H69 cells after treatment with

TRAIL. Non-malignant H69 cholangiocytes were sensitive to TRAIL-

induced apoptosis, but treatment with recombinant sonic hedgehog

or LPS protected cells from apoptosis (Fig. 5A). Additionally,

enforced c-Myc expression in transfected cells provided protection

from TRAIL-induced apoptosis (Fig. 5B). Thus, treatments that

repress of mir-29 also provide protection from apoptosis, consistent

with a role for mir-29 in cell death.

DISCUSSION

The principle findings of this study provide mechanistic insight

regarding the transcriptional regulation of mir-29b-1/mir-29a in

cholangiocarcinoma cells. Our results aid in understanding mir-29

expression by: (1) cloning of a functional mir-29b-1/mir-29a

promoter; (2) demonstrating inhibition of promoter function and

mir-29b expression by hedgehog signaling; and (3) demonstrating

NF-kB activation through TLR activation represses mir-29b-1/mir-

29a. These observations may allow for the design of rational

treatment strategies to increase expression of mir-29 in an effort to

counter the oncogenic effects of mir-29 targets. The results will be

discussed in the context of the pathobiology of cholangiocarcinoma.

The proto-oncogene Myc is activated in hepatobiliary cancers

[Voravud et al., 1989; Tokumoto et al., 2005] and can either activate

or repress transcription of target genes. Notably, this transcript-

ion factor has been demonstrated to increase expression of the

microRNA cluster mir-17-92 [O’Donnell et al., 2005] and also to

decrease expression of more than 10 microRNAs, including the mir-

29 family [Chang et al., 2008]. In the same manuscript, the authors

used chromosomal immunoprecipitation analysis to show direct

occupation by c-Myc of the putative promoter region [Chang et al.,

2008]. The presumed promoter region amplified in that study

corresponds to positions �122 to �72 relative to the transcriptional

start site identified here, and is adjacent to the E-box identified

in our analysis (�261). Our data extend these observations

by identifying alternate transcripts from this locus, providing
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Fig. 4. TLR ligands activate NF-kB and decrease mir-29b expression. A: H69 cells were treated for 24 h with ligands for TLR-1/2 (Pam3CSK4, 100 ng/ml), TLR-3 (Poly-I:C,

100mg/ml), TLR-4 (LPS, 1mg/ml), TLR-5 (Flagellin, 100 ng/ml), TLR-6 (MALP-2, 100 ng/ml), TLR-7/8 (Poly(U), 10mg/ml), or TLR-9 (CpG ODN, 10mg/ml). RT-PCR for mir-29b

was then performed on total RNA and normalized to Z30 expression. Two samples each were treated and analyzed, indicated as samples 1 and 2, with generally good agreement

between duplicates. B: Time course analysis of mir-29b expression measured by RT-PCR after stimulation of H69 cells with LPS (1mg/ml). Mean� SEM, �P< 0.05. C: Ligation of

TLR-4 (LPS) or TLR-5 (flagellin) reduced mir-29b-1/mir-29a promoter activity in H69 cells transfected with the luciferase reporter. Data are averaged from three independent

experiments, expressed as luciferase activity compared to untreated cells. Mean� SEM, ��P< 0.01. D: Selected TLR ligands (LPS and flagellin) were chosen to verify activation of

NF-kB by immunofluorescent staining of p65 (upper) and p50 (lower) in H69 cells treated for 30 min. Nuclear localization was observed in treated cells and the positive control

TNF-a (28 ng/ml), while cytoplasmic staining was observed in untreated cells. E: H69 cells were treated with LPS (1mg/ml, 30 min) and nuclear proteins prepared for gel shift

analysis using the three putative NF-kB binding sites identified. For each oligo, nuclear extract induced a shift that was specifically competed by 25–40 molar excess unlabeled

duplex. The sequences of the binding sites are indicated, compared to the NF-kB consensus. R¼ purine (A or G); N¼ any nucleotide; Y¼ pyrimidine (C or T).
functional evidence of promoter activity, and demonstrating a direct

effect on promoter activity of c-Myc overexpression.

Our 50 RACE analysis shows similarities to the gene structure

proposed by Chang et al. [2008] while our experiments were in

progress, with differences noted at the transcriptional start site

and whether mir-29b-1/mir-29a are intronic or exonic. The start

site we observed is 131 base pairs downstream of that reported.

Additionally, the 50 RACE primers in our experiment were

positioned immediately upstream of mir-29b-1 and demonstrated

splicing to exon 3, implicating the mir-29b-1/mir-29a cluster is in

exon 4, in contrast to the intronic location reported by Chang and
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colleagues (between exons 3 and 5). RT-PCR using primers in

exons 2 and 5b in H69 cholangiocyte cells or total splenic RNA

revealed, in addition to the expected 172 bp product, three

additional alternatively spliced gene products. None of the cDNA

clones generated by RT-PCR with primers in exons 2 and 5

contained exon 4, suggesting that exons 4 and 5 serve as alternate

(mutually exclusive) terminal exons. The dominant splice pattern

likely depends on the cell type and other contextual cues,

accounting for the intronic versus exonic expression. Notably,

functional microRNA can be processed either from exonic or

intronic locations [Kim and Kim, 2007].
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Fig. 5. Cholangiocyte apoptosis is decreased when mir-29-suppressing

pathways are activated. A: H69 cells were pre-treated overnight with recom-

binant human Sonic Hedgehog ligand (10mg/ml) or LPS (1mg/ml) followed by

TRAIL treatment (4 ng/ml) for 8 h. Nuclei were stained with DAPI and nuclei

with apoptotic morphology were counted. The percent of cells with apoptotic

nuclei is indicated (mean� SEM). ��P< 0.01. B: H69 cells were transfected

with GFP plus either pCDNA3.1 (empty vector) or pCDNA/myc 48 h and again

24 h prior to apoptosis counting (1:4 GFP:pCDNA plasmid ratio). Cells were

then treated with TRAIL (1 ng/ml) for 8 h, and GFP-positive cells were then

assayed for apoptosis by DAPI staining (mean� SEM). ��P< 0.01. A lower

concentration of TRAIL was employed compared to panel A to account for some

stress due to transfection.
Recent data have indicated that cholangiocarcinoma cells exp-

ress signaling factors comprising the hedgehog pathway, and that

inhibition by cyclopamine could limit cell survival and promote

regression of xenografted cholangiocarcinoma cells [Berman et al.,

2003]. Thus, the presence of a predicted Gli-binding site in the mir-

29b-1/mir-29a promoter suggested that hedgehog signaling may

affect mir-29 expression. Indeed, activity of the mir-29b-1/mir-29a

promoter fragment (�1530/þ165) was increased three- to fourfold

in cells treated with cyclopamine, an effect that was prevented

by mutagenesis of the Gli binding site. Additionally, cyclopamine

treatment increased mir-29b expression two- to threefold in these

cells. Inhibition of the pathway by antagonistic antibody (5E1) or by

siRNA to Gli-3 modestly increased mir-29b expression by 40–50%.

This suggests either incomplete inhibition by the latter approaches

or possibly that non-canonical hedgehog signaling contributes to

mir-29 repression. Of interest, there are as yet no reports of other

Gli-regulated microRNAs, though hedgehog can increase mir-17-92

expression indirectly [Northcott et al., 2009].
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Classically, activation of the inflammation-sensitive NF-kB

transcriptional complex promotes cell survival, including through

increased expression of the prosurvival protein Bcl-2 [Grossmann

et al., 2000] and related family members Bcl-xL [Lee et al., 1999;

Tsukahara et al., 1999], A1 [Zong et al., 1999], and Mcl-1 [Ricci et al.,

2007], which is particularly relevant to cholangiocarcinoma

survival [Taniai et al., 2004; Kobayashi et al., 2005]. NF-kB is a

transcription factor made up of different subunits, including p65

and p50 proteins, and is activated by TLR signaling. The finding

that the mir-29b-1/mir-29a promoter on chromosome 7 contains

multiple NF-kB binding sites suggested that in addition to a direct

increase of Mcl-1 transcription, NF-kB may increase Mcl-1 protein

expression indirectly by blocking expression of mir-29. Our data

demonstrate that multiple TLR ligands of the innate immune system

induce nuclear localization of NF-kB (p65 and p50) and decrease

expression of the mature mir-29b. Repression of microRNA

expression by NF-kB has been described for let-7i [O’Hara et al.,

2009] as well as mir-29b-2/mir-29c, through Yin Yang-1 [Wang

et al., 2008]. Alternatively, NF-kB drives expression of mir-143 in

hepatocellular carcinoma [Zhang et al., 2009]. Thus NF-kB mediated

microRNA regulation may be a frequent mechanism used to regulate

cellular responses. In combination with LPS or Flagellin treatment,

24 h of NF-kB inhibition (by SN50, MG-132, or Bay-11-7082) in

these cells induced significant toxicity (not shown). Thus, while

the observations of mir-29 repression and NF-kB activation are

consistent with mir-29 repression by NF-kB, possibly through p65,

p50, or other NF-kB subunits, we cannot exclude repression by

alternative, non-NF-kB, TLR signaling pathways.

Functionally, mir-29 family members have been implicated in

promoting apoptosis by us [Mott et al., 2007] and others [Park et al.,

2009]. Thus, it is of interest that activation of Hedgehog signaling,

TLR signaling, or c-Myc expression, each of which repress mir-29

expression in cholangiocytes, also act to protect H69 cells from

apoptosis by TRAIL treatment. The effects of Hedgehog and NF-kB

pathways on preventing apoptosis has been found to be multi-

factorial [Kucharczak et al., 2003; Bigelow et al., 2004; Kump et al.,

2008] and we propose that mir-29 repression may contribute to this

protective phenotype. Interestingly, c-Myc expression is classically

considered to promote apoptosis [Evan et al., 1992], but can also

have protective effects [D’Agnano et al., 2001; Gatti et al., 2009].

Thus, the pro- or anti-apoptotic effect of c-Myc may depend on the

integration of competing signals, including mir-29 repression.

The results presented here are consistent with regulation of mir-

29b-1/mir-29a expression by multiple signaling pathways relevant

to cancer biology (Fig. 6). The particular balance of these repressing

factors may be different between cancers, but the finding that mir-

29 expression is decreased in cancers of diverse origin [Pekarsky et

al., 2006; Yanaihara et al., 2006; Fabbri et al., 2007; Mott et al.,

2007; Porkka et al., 2007; Sengupta et al., 2008; Garzon et al., 2009]

is consistent with multiple potential repressive mechanisms. It

remains possible, even likely, that additional cis acting regulatory

elements contribute to the transcriptional control of mir-29b-1/

mir-29a. As loss of mir-29 contributes to apoptosis, metastasis/

invasion, and epigenetic signaling, approaches to increase endo-

genous mir-29b-1/mir-29a expression may have a beneficial effect

on cancer treatment through multiple inter-related pathways. As
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 6. Transcription factor binding sites for mir-29b-1/mir-29a. Schematic illustration of the functional mir-29b-1/mir-29a promoter used in this study. By computational

analysis, two c-Myc binding sites (�1317 and �261) were identified (shaded boxes). Three NF-kB sites were predicted based on sequence and verified by gel shift analysis

(�561, �110, þ134; indicated by open boxes). A single Gli binding site was identified (at position �424; black box) by sequence analysis and confirmed by site-directed

mutagenesis and gel shift assay.
small molecule inhibitors of Myc have not been developed,

inhibition of hedgehog or NF-kB signaling may have the most

promise in the near-term.
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