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‐ miR-196b is originated from an autonomous transcription unit. 

 
‐ A conserved genomic region recapitulates miR-196b developmental expression pattern. 

 
‐ Cdx2 and 5’Hox binding sites are required for neural tube expression. 

 
‐ Cdx2 and 5’Hox bind in vivo the miR-196b promoter and regulate its activity. 
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ABSTRACT 

 

  The miR-196 miRNA gene family located within the Hox gene clusters has been shown to 

function during embryogenesis and to be aberrantly expressed in various malignancies, including 

leukemia, melanoma, and colorectal cancer. Despite its involvement in numerous biological 

processes, the control of miR-196 expression is still poorly defined. We identified the miR-196b 

promoter and found that the mature miR-196b originates from a large, non-coding primary 

transcript, which starts within an autonomous TATA box promoter and is not in physical 

continuity with either the Hoxa10 or Hoxa9 main primary transcripts. A ~680 bp genomic 

fragment, spanning the pri-miR-196b transcription start site, is sufficient to recapitulate the neural 

tube expression pattern of miR-196 during embryogenesis. This region contains potential binding 

sites for Cdx and 5'Hox transcription factors. Two of these sites revealed to be necessary for 

neural tube expression and were bound in vivo by Cdx2 and Hoxd13. We show that Cdx2 is 

required for miR-196 expression and that both Cdx2 and 5'Hox, but not 3'Hox, are able to activate 

the miR-196b promoter. The possible role of Cdx2- and 5'Hox-mediated regulation of miR-196 

expression in vertebrate anterior-posterior (AP) axis formation during embryogenesis is discussed. 
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1. INTRODUCTION 

 

 MicroRNAs (miRNAs) are evolutionarily conserved, small non-coding RNAs of ~20-24 

nucleotides (nt) in length, which negatively regulate gene expression at the post-transcriptional 

level. They typically bind to the 3' UTR of their target mRNAs, and either inhibit translation or 

induce mRNA degradation (1, 2). miRNAs derive from larger primary miRNAs (pri-miRNAs), in 

many cases non-coding, which are processed by endonucleases, to precursors (pre-miRNAs) in the 

nucleus and eventually to their mature form in the cytoplasm. miRNAs participate in the regulation 

of a vast array of biological processes, ranging from cell cycle regulation to differentiation and 

development. Consequently, the deregulation of miRNA expression is implicated in several human 

diseases including cancer (3). The mechanisms controlling miRNA gene expression, especially 

those regarding the transcription of their pri-miRNA precursors, have been only partially 

elucidated. These studies reveal a primary role for RNA polymerase II (RNA polII) in miRNA 

transcription (4), and that many miRNA genes use their own promoter and transcriptional 

regulatory elements, even if located within gene clusters (intergenic) or within introns of coding 

genes (intragenic) (5). Still less known are the transcription factors directing miRNA gene 

transcription. Their knowledge, however, would greatly increase our understanding of miRNA gene 

deregulation in disease, and would allow to define novel gene regulatory networks, comprising 

miRNAs, their transcriptional regulators, and their target mRNAs, thus connecting transcriptional 

and post-transcriptional controls in single pathways. 

 The miR-196 gene family is evolutionarily conserved, having arisen in a common ancestor 

of chordates and urochordates, and includes three genes, all located within the HOX gene clusters 

(6). In the human genome, the miR-196a-1 gene is located in the intergenic region between HOXB9 

and HOXB10 on chromosome 17, miR-196a-2 between HOXC9 and HOXC10 on chromosome 12 

(7). miR-196b is located between HOXA9 and HOXA10 on chromosome 7 in human, and on 

chromosome 6 in mice, in a region evolutionarily conserved among vertebrates (7). miR-196a-1 

and miR-196a-2 share the same mature, functional miRNA sequence, while miR-196b differs from 

the miR-196a sequence by one nucleotide (8). miR-196 family members have been reported to 

participate in relevant biological processes such as embryonic development (reviewed in 9) and 

tumorigenesis where they have been found to be aberrantly expressed in various malignancies, 

including glioblastoma, melanoma, leukemia, and colorectal cancer (reviewed in 7). 

 Among all putative miR-196 targets, found by in silico prediction, Hox mRNAs appear to 

be the class of transcripts that are preferentially targeted by the miR-196 gene family (10). Indeed, 

if the percentage of conserved miRNA target sites within the 3' UTRs of Hox transcripts is taken 

into account, the miR-196 gene family ranks first among all conserved miRNA families (10). The 



4 

"central" Hoxa7, Hoxb8, Hoxc8, and Hoxd8 genes, expressed in the developing trunk during 

embryogenesis, have been demonstrated experimentally to be conserved targets of miR-196 

(9,11,12). 

 Hox homeodomain-containing transcription factors have been shown to play crucial roles in 

embryonic development by controlling determination of cell fate, motility, adhesion, proliferation, 

and apoptosis, eventually orchestrating the generation of different morphological identities along 

the primary body and limb axes (reviewed in 13,14). Alterations of HOX gene expression and/or 

structure have been moreover found to be associated with tumorigenesis (reviewed in 15,16). In 

addition to Hox genes, the ParaHox family Cdx genes (17) are relevant to anterior-posterior axis 

patterning and elongation during embryogenesis, in part also as upstream regulators of Hox genes 

(18-21). 

 The remarkably close proximity of miR-196 and its most relevant target genes has prompted 

speculations about its biological significance. It has been proposed that HOX-embedded miRNAs 

(miR-10 and miR-196) may play a role in the phenomenon termed "posterior prevalence". Posterior 

prevalence, represents one of the characteristic features of the Hox gene system (reviewed in 13). It 

accounts for the fact that more posteriorly-expressed Hox genes, such as the AbdB-related, 5' 

located Hox (5'Hox), are functionally dominant over anteriorly-expressed genes, as single loss-of-

function Hox mutants display phenotypes only in the most anterior regions of their expression 

domains (22). The putative role of Hox cluster-linked miRNAs in posterior prevalence rests on the 

observation that their Hox target mRNAs are asymmetrically distributed with respect to their 

location within the HOX clusters. For instance, the majority of Hox target mRNAs of miR-196 are 

located 3' to the miR-196 loci, thus the activity of miR-196 would repress expression of Hox genes 

located 3' to its locus, while sparing 5' located Hox (reviewed in 10). 

 Both loss- and gain-of-function experiments have shown that the miR-196 gene family 

participate in developmental processes such as limb A-P, nervous system, and axial skeletal 

patterning (reviewed in 6). The majority of these studies have focused on the capability of miR-196 

to negatively regulate the expression of Hoxb8 (23-26), a key representative of "central" Hox genes, 

expressed in developing trunk regions of the embryo. miR-196 has been shown to reinforce the 

repression and to contribute to the clearance of the Hoxb8 gene product in caudal regions of the 

embryo, to define the posterior boundary of Hoxb8 function (23,24). In more anterior regions where 

it is co-expressed with Hoxb8, miR-196 has been shown to increase the robustness of the Hoxb8-

controlled genetic program by eliminating fluctuations in its expression (25). Finally, 

overexpression of miR-196 in zebrafish causes transformations of anterior vertebrae identities and 

the failure of pectoral fin bud initiation (27). 
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 Despite its roles in development and cancer (reviewed in 7) the regulation of miR-196 gene 

expression has never been thoroughly characterised (see 6). Still unknown are its promoters, their 

upstream regulators as well as the regulatory elements to which these bind. We thus set out to 

characterize the miR-196b promoter, and to explore the possibility that it might be controlled by 

upstream regulators of the Hox gene clusters and/or by Hox gene products themselves possibly as 

part of the mechanism(s) underlying posterior prevalence. We found that the mature miR-196b 

originates from a large, 2671 bp, primary, non-coding transcript (pri-miR-196b), which is, unlike 

previously assumed, not in physical continuity with either the Hoxa10 or Hoxa9 main primary 

transcripts, and starts within an autonomous TATA box promoter. The evolutionarily conserved 

genomic region upstream to the pri-miR-196b transcriptional start site (TSS) was found to contain 

several potential binding sites for Cdx and 5'Hox transcription factors. We establish that a ~680 bp 

genomic fragment spanning the pri-miR-196b TSS is sufficient to recapitulate the neural tube 

expression pattern of miR-196 and that two of the analysed sites are necessary in vivo for pri-miR-

196b promoter function. We show that these sites are bound in vivo by the Cdx2 and Hoxd13 

proteins in posterior regions of E10 mouse embryos. Cdx2 and 5'Hox, but not 3'Hox, were found to 

transactivate the pri-miR-196b promoter and Cdx2 to be necessary for the expression of miR-196 in 

human embryonal carcinoma (EC) cells. We discuss the possible significance of the regulation of 

miR-196 expression by Cdx2 and/or 5'Hox in the context of vertebrate anterior-posterior (AP) axis 

formation. 
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2. MATERIALS AND METHODS 

 

2.1. Plasmid constructs 

 The pri-miR-196b murine promoter sequence was obtained by PCR amplification from 

genomic DNA of P19 cells using the following primers: 196b(-249)for: 5’-

AAAAGCTGTGGAATGAAGC-3’; 196b(+624)rev: 5’-CTCCGGAAAGGTACGCCTAG-3’. The 

amplified fragment was sequence-verified and cloned into the HindIII site of the pXP2-luciferase 

vector (28) to obtain the p196b(-249;+624) reporter construct. A 680-bp fragment, encompassing 

sites III and IV, and V, was PCR-amplified using the following primers: 196b(-171)for: 5’-

GAGGGCTAGCCCGAGCCC-3’; 196b(+508)rev: 5’-CGGTGTGAGGCGGGTTCC-3’. The 

fragment was verified by sequencing and cloned into the HindIII site of pXP2 to generate p196b(-

171;+508). The p196b(-249;+624)M3 mutant was generated via splicing by overlapping extension 

(SOE), using the wild type promoter as a template and mutating site IIIab using the following 

primers: 196b(M3)for 5’-TGCCTTTAGGCATCTATTTAAATATGCCCTAGACGGTCGGCATT- 

TGTCTGGGCCCTATAG-3’; 196b(M3)rev: 5’-ATGCCGACCGTCTAGGGCATATTTAAATA-

GATGCCTAAAGGCATTGCAGGGGGCTCGGG-3’. Starting from the wild type promoter and 

from the p196b(-249;+624)M3 constructs, respectively, p196b(-249;+624)M4 and p196b(-

249;+624)M3/4 were generated using the following primers: 196b(M4)for: 5’-

TTTGTTCAGGGGG-CGTCATTGCTAGTATATCTGGATTG-3’; 196b(M4)rev: 5’-

TACTAGCAATGACGCCCCCTG-AACAAAAGCCGACAAACC-3’. All mutant fragments were 

cloned into the HindIII site of pXP2. 

The promoter sequences described above were also cloned into the pGL3basic luciferase reporter 

vector (Promega) using the same strategies. The reporter constructs used in electroporation 

experiments were generated using the pNASSβ reporter vector (Clontech). They were generated by 

cloning the PCR fragments described above into the EcoRI-blunted site of pNASSβ. Following the 

same strategy, the wild-type promoter was cloned in addition into pNASSβ in antisense 

orientation. 

 Expression vectors for PBX1a, HOXB1, HOXD8, HOXD10, and HOXD13 were described 

previously (29-31). The pSG-FHOXA9 expression construct was obtained by PCR amplification of 

the human HOXA9 coding sequence, which was cloned into the BamHI site of the pSG5-FLAG 

vector.  

 

2.2. Whole mount in situ hybridization (WISH) 

 WISH was performed using the method described in (32) with some minor modifications. 

Embryos at 17-25 Hamburger-Hamilton (HH) (33) stages were dissected in PBS and fixed 
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overnight in 4% paraformaldehyde. Embryos were then permeabilized with proteinase K and 

hybridized with 5nM miR-196 digoxygenin-labeled LNA probe (Exiqon) in hybridization buffer 

(50% formamide, 5X SSC pH 7, 0,1% Tween-20, 50 g/mL total yeast RNA, 50 g/mL heparin, 

0,1% CHAPS, 5mM EDTA and 2% blocking powder) overnight at 44°C. 

 

2.3. Chromatin immunoprecipitation (ChIP) 

 ChIP assays were performed as described in (34). Briefly, formaldehyde-crosslinked 

chromatin was extracted from caudal trunk and forebrain dissected from ~200 E10 mouse embryos, 

and subjected to immunoprecipitation using 1 µg anti-me3K4 (Abcam, cat#ab8580), 5 µg anti-

me3K27 (Abcam, cat#ab6002), 5 µg anti-AcK27 (Abcam, cat#ab4729), 5 µg anti-HOXD11 

(Abcam, cat#ab60715) (35), 5 µg anti-HOXD13 (Abcam, cat#ab19866), 5 µl anti-CDX2 

(Biogenex, cat#MU392A-UC clone Cdx2-88), 5 µg anti-HOXA9 (Upstate, cat#07-178) (36) and 5 

µl anti-HOXD10 (37), 5 µg anti-FLAG (F3165, Sigma, clone M2) was used as control antibody. 

The enrichment of amplified DNA sequences in immunoprecipitates was calculated as a percentage 

of total input chromatin. Mean enrichments for each ChIP were assessed using at least three 

independent ChIP quantitative real-time PCR (qPCR) results. Primers used in qPCR analysis were: 

miR196b F_: 5’-GAGCCCCCTGCAATTACTTT-3’; miR196b R_: 5’-

CAAGACAGCCACAATCCAGA-3’; CTRL1 F_: 5’-CTCCGCCGCTCTCATTCTC-3’; CTRL1 

R_: 5’- ACGCTTGACACT-CACACTTTG-3’; CTRL2 F_: 5’-

GGAGGGATTCAAAGTCAGTGTC-3’; CTRL2 R_: 5’-CTGCCTT-ATCTTGGAGCCATC-3’. 

 

2.4. RRL, nuclear extracts, and EMSAs 

 CDX2 and human 5'HOX proteins were synthesized in vitro using the TNT-coupled 

transcription/translation system (Promega). In EMSAs the total amount of reticulocyte lysate 

utilized was adjusted to normalize for translated protein content, based on the amount of 
35

S-Met 

incorporated and on the number of Met residues for each protein. The amount of the control, 

"empty" RRL used corresponded to the highest amount of total RRL used in the other binding 

reactions for each experiment. The binding reactions were performed as described previously by 

(38). Briefly, proteins were pre-incubated with 100 ng poly-(dI-dC) in 1x binding buffer (0.1 M 

KCl, 2 mM MgCl2, 4 mM spermidine, 0.1 mg/ml BSA) for 15 minutes on ice. 20,000-50,000 cpm 

of 
32

P-labelled probe were then added and samples were incubated for 30 minutes on ice. For 

supershift experiments, 2 μg of the indicated antibodies, or 2 μL αCDX2 ascite (Biogenex), were 

added to the binding reactions. In competition assays, a 500-fold excess of cold probe was used. 
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Reactions were separated on 6% polyacrylamide gels in 0.5x TBE at 4°C. The oligonucleotides 

probes used are:  

SITE I: 5’-GAAGCTTTTTAATTTCACCTCTTTTTTGACTTCTTATCTTCACCTTC-3’;  

SITE IIab: 5’-CACCTTCCATTTTATCCTGTCCACCACTTTTACAACAGGAGGGC-3’;  

SITE IIIab: 5’-CTGCAATTACTTTAGGCATCTATTTAAATATTACCTAGACGGTCGT- 

AATTTGTCTGG-3’;  

SITE IV: 5’-CGGCTTTTGTTCAGTTTTATGACTTGCTAGTATATCTGG-3’;  

SITE V: 5’-CGCAGGAGCCAGTTATTTTGCGGGTATCCAGGTCCC-3’. 

SITE IIa MUT: 5’-CACCTTCCATGGGCGACTGTCCACCACTTTTACAACAGGAGGGC-3’ 

SITE IIb MUT: 5’-CACCTTCCATTTTATCCTGTCCACCACGGGGCAAACAGGAGGGC-3’ 

SITE IIab MUT: 5’-CACCTTCCATGGGCGACTGTCCACCACGGGGCAAACAGGAGGGC-

3’ 

SITE IIIa MUT: 

5’CTGCAATGCATTTAGGCATCTATTTAAATATTACCTAGACGGTCGTAATTTGTCTGG-

3’ 

SITE IIIb MUT: 5’-

CTGCAATTACTTTAGGCATCTATTTAAATATGCACTAGACGGTCGTAATTTGTCTGG-3’ 

SITE IIIab MUT: 5’-

CTGCAATGCATTTAGGCATCTATTTAAATATGCACTAGACGGTCGTAATTTGTCTGG-3’ 

SITE IV MUT: 5’-CGGCTTTTGTTCAGGGGGCGTCATTGCTAGTATATCTGG-3’ 

 Nuclear extracts from HEK293 cells were prepared by lysing them in cytoplasmic buffer 

(10mM HEPES pH 7,9, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT) and subsequent extraction in 

nuclear buffer (20mM HEPES pH 7.9, 420mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM PMSF 

and 0.5mM DTT) (39).  

 

2.5. 5’ and 3’ rapid amplification of cDNA ends (RACE) 

 For 5’ RACE experiments, total RNA was isolated from posterior trunk of E10.5 CD1 

mouse embryos by using TRIzol (Invitrogen) and treated with RQ1 DNAse (Promega) before the 

reverse-transcription step with 196b-5’-GSP1. A tail of dCTP was then added to the cDNA by using 

terminal deoxynucleotidyl transferase (TdT, Promega). The tailed DNA was initially amplified with 

a dG-adapter primer and 196b-5’-GSP2 and finally nested-amplified with an abridged primer 

(AUAP) anchoring to the adapter and 196b-5’-GSP3 primer. The human miR-196b promoter was 

investigated with the same strategy using three human gene-specific primers and RNA from 

HEK293 cells. 
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 In 3’-RACE experiments, cDNA was retrotranscribed with dT-anchor primer annealing on 

the poly-A tail of the pri-miR-196b, initially amplified with AUAP and 196b-3’-GSP1 and finally 

nested-amplified with the AUAP and 196b-3’-GSP2 primers. Both 5’- and 3’-RACE products were 

visualized by gel electrophoresis , cloned into the pBluescipt SK+ vector and sequence verified. 

The primers used in RACE experiments are listed below: 

196b-5’-GSP1: 5’-TGATGCTGCGGGCGTAGGG-3’; 

dG-adapter: 5’-GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGG-3’; 

196b-5’-GSP2: 5’-GGAAACGCGTGGCCTAGCGG-3’; 

AUAP: 5’-GGCCACGCGTCGACTAGTAC-3’; 

196b-5’-GSP3: 5’-CCCTCCTCCGCGGATTTCGGG-3’. 

hsa 196b-5’-GSP1: 5’-CAGTAAGGTATTCCTGGGAGG-3’; 

hsa 196b-5’-GSP2: 5’-ACTCTGGCAAGCAGGAAACG-3’; 

hsa 196b-5’-GSP3: 5’-ATGCTGCAGAGAGATGCGCTGTGGGCCAG-3’; 

dT-anchor primer: 5’-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTT-3’; 

196b-3’-GSP1: 5’-GTCGCCCGACTACTGAGAAC-3’; 

196b-3’-GSP2: 5’-ATGCTGCAGTGGATGCAACCACACAACAC-3’. 

 

2.6. Cell culture, transfection and luciferase assays 

 P19 cells (ATCC# CRL-1825) mouse embryonal carcinoma cells were cultured in 

Mininum Essential Medium Alpha (αMEM, Gibco) with nuleosides. HEK293 (ATCC# CRL-

1573) and NTERA-2 (ATCC# CRL-1973) human cells were cultured in Dulbecco modified Eagle 

medium. All the media were supplemented with 10% fetal bovine serum, 2mM L-glutamine, 

100U/mL penicillin and 100μg/mL streptomycin. NTERA-2 neuronal differentiation was induced 

by treatment with 10
-5

 all-trans retinoic acid. Transfections were carried out by CaPO4 precipitation. 

In a typical experiment, P19 cells were transfected with 2,5-6 μg of reporter plasmid, 0,12-0,25 μg 

of expression construct and 0,1 μg of pCMV-β-Gal (Clontech) per 6cm dish. Cells were washed 

and 48 hours after transfection lysed and assayed for luciferase and β-galactosidase as described 

in (30). 

 

2.7. In ovo electroporation 

 Chicken eggs were incubated in a humidified incubator at 37°C. Embryos at stage HH10-12 

were injected and electroporated into the neural tube as described by (40) Construct 

concentrations were as follows: 1.0 μg/μL for pNASSβ::lacZ reporter construct and 0.5 μg/μL 
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for pCMV::eGFP, coinjected as positive control of electroporated tissues. Embryos were collected 

24 hrs after electroporation and subjected to β-galactosidase staining. 

 

2.8. siRNA depletion of CDX2  

 Three different small interfering RNA (siRNA) duplexes were designed targeting the human 

CDX2 mRNA (Stealth siRNA; Life Technologies). siRNA and CDX2 transfection were performed 

in induced NTERA-2(RA14) with 100nM RNAi duplexes using Lipofectamine 2000 (Invitrogen) 

according to the manufacturer instructions. CDX2 depletion and overexpression were verified by 

immunoblotting 48 h after siRNA transfection. Whole cell extracts were prepared through repeated 

freeze and thaw cycles and extraction in 10mM Hepes PH7.9, 100mM NaCl, 0,1mM EGTA, 5% 

glycerol and proteases and phosphatases inhibitors. Immunoblotting analyses were performed with 

anti-CDX2 antibody (Biogenex, cat#MU392A-UC clone Cdx2-88) and anti-α-Tubulin (Sigma, 

T6074, clone B-5-1-2). Protein expression in immunoblots was quantified using the ImageJ 

software. 

 

2.9. RNA extraction and miRNA RT-qPCR detection 

 Total RNA from dissected embryonic tissues or cultured cells was isolated by TRIzol 

(Invitrogen) according to the manufacturer instructions. Mature miR-196b and the endogenous 

control RNU6B (Suppl. Fig. 1B) were reverse transcribed and detected in qPCR with TaqMan® 

microRNA assays (Applied Biosystems). Real-time (qPCR) relative quantification was performed 

according to the ∆∆Ct method (41). Synthesis of cDNA was done starting from 3 μg of total RNA 

using M-MLV reverse transcriptase (Promega). Quantitative PCR was performed with the 

following oligonucleotides: hCDX2 F: 5’-GTGCTAAACCCCACCGTCAC-3’; hCDX2 R: 5’-

CTGAGGAGTCTAGCAGAGTC-3’; hACTB F: 5’-AGGCACCAGGGCGTGAT-3’; hACTB R: 5’-

GCCCACATAGGAATCCTTCTGAC-3’.  

 

Statistical analysis 

 Results are expressed as mean ± SEM from at least triplicate experiments. Statistical 

analyses were performed with GraphPad Prism version 5.0. In transfection experiments the non-

parametric Kruskal-Wallis with by Dunn’s post test were used. ChIP statistical analyses were 

performed with the Student’s t test. 
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3. RESULTS 

 

3.1. miR-196 displays a dynamic expression pattern along the anterior-posterior axis during chick 

embryogenesis 

 miR-196 expression during chick embryonic development was analysed by whole-mount in 

situ hybridisation (WISH) using a locked nucleic acid (LNA)-modified oligonucleotide probe 

(Exiqon). At Hamburger-Hamilton (HH) (33) stage HH17 miR-196 expression was relatively weak 

and confined to the caudal-most regions of the embryo within the neural tube and flanking tissue 

(Fig. 1 panels A and B). At HH stage 18, the expression of miR-196 was consistently increased and 

extended more anteriorly, with an expression boundary located posterior to the hindlimb buds (Fig. 

1 panels C and D). The maximal miR-196 expression levels were reached at HH stage 19, where 

miR-196 was uniformly expressed in the posterior chick embryo including the hind limbs (Fig. 1E 

and F). At this stage the anterior-most boundary of expression was found to lie within the posterior 

trunk, approximately at the level of somites 27-28. At later stages (HH 20-24) miR-196 expression 

remained high with an anterior boundary within the lumbar region (somites 27-28, at HH 24). At 

HH24, within the neural tube, the anterior expression boundary was consistently more rostral (by 

approx. 3-4 somites) than in the flanking tissues (Fig. 1 I and J). At this stage, a possible additional, 

weaker expression domain could be detected at the posterior margin of the forelimbs (Fig. 1 I and 

J). At HH stage 25 miR-196 expression was still elevated in the whole caudal portion of the embryo 

(Fig. 1 K and L). In conclusion, miR-196 expression revealed to be dynamic, both in time and 

spatial restriction, gradually increasing and extending towards more anterior territories from HH 

stage 17 onwards, to reach a peak of expression at stages HH 19-20. The posteriorly restricted 

expression of miR-196 overlaps the previously reported embryonic expression of 5'Hox genes in the 

neural tube and flanking tissues (reviewed in 10,13,42), and of Cdx2 (43). 

 miR-196b expression during mouse embryogenesis was analyzed using real-time reverse 

transcriptase PCR (qRT-PCR) on dissected embryos at different developmental stages (Suppl. Fig. 

1). At E8.5, the earliest stage analysed, expression was relatively low and confined to the posterior 

portion of the trunk. At later stages, miR-196b expression gradually increased, reaching its maximal 

expression at E10.5 in the posterior trunk (Suppl. Fig. 1). A low level of expression was observed 

also in the anterior trunk at E10.5 and at later stages (Suppl. Fig. 1). From E11.5 onwards the 

expression in the posterior trunk remained approximately constant up to stage E14.5 (Suppl. Fig. 1). 

These results parallel those obtained in chick embryos, confirming a dynamic, posteriorly-restricted 

expression of miR-196b. 
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3.2. The pri-miRNA giving rise to miR-196b is transcribed from an independent promoter located 

in the Hoxa10-Hoxa9 intergenic region 

 To characterise the murine primary miRNA (pri-miRNA) originating the mature miR-196b, 

we mapped its boundaries within the intergenic region between the Hoxa10 and Hoxa9 genes, 

located on chromosome 6, by 5' and 3' RACE (Fig. 2). Three different primers (5'GSP1, 5'GSP2, 

5'GSP3, Fig. 2A) allowed us to identify the pri-miR-196b transcription start site (TSS) at a distance 

of 260 bp from the polyadenylation signal of the Hoxa10 gene, and of ~780 bp from the mature 

miR-196b sequence (Fig. 2 and Suppl. Fig. 2). A putative TATA box (5'-TATATC-3', see Fig. 3B) 

was found to be located at 35 bp 5' from the mapped TSS, which itself is located within an Initiator 

sequence (5'-TCAGTT-3', Fig. 3B) (44). Finally, a CpG island was identified at 118 bp 3' to the 

TSS. 

 Similarly, the 3' end of the pri-miR-196b transcript was mapped, using two different primers 

(3'GSP1, 3'GSP2, Fig. 2 and Suppl. Fig. 2), and found to be located at a distance of ~920 bp from 

the Hoxa9 gene transcription start site (TSS). A canonical polyadenylation signal (5'-AATAAA-3') 

was identified in close proximity (19 bp) of the mapped transcript 3' end (Fig. 2 and Suppl. Fig. 2), 

hinting at a possible polyadenylation of the pri-miR-196b. Interestingly, a RIKEN cDNA clone 

(45), deposited in GeneBank (AK054058) (Fig. 3A), covers most of the length of the mapped 

transcript further supporting the existence of a long non-coding transcript representing the pri-miR-

196b. 

 These results suggest that miR-196b originates from a large 2671 bp transcript, starting 

within the Hoxa10-Hoxa9 intergenic region, which is not in physical continuity with either the 

Hoxa10 or Hoxa9 main primary transcripts (Fig. 3A). Our data also indicate that the pri-miR-196b 

is transcribed from an autonomous promoter, independent of the known Hoxa10 or Hoxa9 

promoters. 

 

3.3. The miR-196b promoter region contains potential responsive elements for Hox and/or Cdx 

proteins 

 To characterise the miR-196b promoter, and to identify possible relevant regulatory proteins 

controlling its activity, we performed an in silico analysis of 873 bp of the Hoxa10-Hoxa9 

intergenic region, spanning from the polyadenylation signal of Hoxa10 to the TSS of Hoxa9. 

Binding sites for 5' (posterior) Hox and Cdx proteins, as defined in (38) (5'-TTTTATTGG-3' and 5'-

TTT(T/A)ACGAG-3') and (46) (5'-A/CTTTATA/G-3'), were searched using the Matinspector 

software (47). We focused on 5' (posterior) Hox and Cdx proteins, as we hypothesized that these 

would negatively control the function of 3' located Hox gene products, via an indirect, post-
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transcriptional mechanism based on the activation of miR-196b expression. In parallel, we 

performed an interspecies comparison using the UCSC genome browser (48), as we reasoned that 

evolutionarily sequence conservation might highlight relevant regulatory elements. We could thus 

identify seven evolutionarily conserved putative binding sites for 5' (posterior) Hox proteins and/or 

for Cdx proteins (sites I to V, Fig. 3B) within a region of ~330 bp encompassing the pri-miR-196b 

TSS  (Fig. 3B). Of these sites IIb, IIIb, and IV showed full sequence conservation in all species 

analysed (Fig. 3B) whereas sites I, IIa, IIIa, and V showed a more limited conservation (Fig. 3B). 

 To test whether these sites could indeed bind 5' HOX proteins, we initially performed 

electrophoretic mobility shift assays (EMSAs) using the HOXD10, HOXD11, and HOXD13 

5'HOX proteins produced in rabbit reticulocyte lysates (RRLs) (Fig. 4A). Of the five potential 

binding sites tested, sites IIIab and IV were bound strongly by HOXD10 and HOXD11, and to a 

lesser extent by HOXD13, whereas site IIab was bound weakly by all the three HOX proteins 

tested. Sites I and V showed no or only barely detectable binding (Fig. 4A). We next tested for 

binding of the CDX2 protein, a member of the CDX ParaHox family of transcription factors. CDX2 

also showed a distinct preference for site IV (Fig. 4B) and a weak binding to site IIab (Fig. 4B). 

The binding of CDX2 to site IV was also verified in EMSAs using nuclear extracts from HEK293 

cells (Fig. 4), a cell line which was found to endogenously express CDX2 (data not shown) and 

miR-196b (Fig. 4D). A retarded band, comigrating with the CDX2 shifted complex observed using 

RRL, was detected in HEK293 cells nuclear extract (Fig. 4C, lane 3). This complex was 

outcompeted by a molar excess of unlabelled site IV oligonucleotide probe (Fig. 4C, lane 5), but 

was not affected by a molar excess of unlabelled mutated site IV oligonucleotide (Fig. 4C, lane 6). 

A specific anti-CDX2 antibody (Biogenex) was able to supershift the CDX2 retarded band (Fig. 

4C, lane 4), whereas the addition of the available anti-HOXA9, anti-HOXD10, or anti-HOXD11 

antibodies did not alter CDX2 binding (Fig. 4C, lanes 7-9). Anti-HOXA9 addition led to the 

disruption of a faster migrating complex (Fig. 4C, lane 7), indicating a weak binding of HOXA9 

and/or of a paralogy group 9 HOX protein to site IV. 

 To verify whether the sites identified via in silico analysis are indeed required for the 

observed binding by the HOXD10, HOXD11, HOXD13, and CDX2 proteins, we tested in EMSAs 

mutant derivatives (see Materials and Methods) of the oligonucleotide probes representing sites II 

to IV (Suppl. Figs. 4, 5, and 6). While the mutation of site IIa did not affect the binding by 

HOXD10, HOXD11, HOXD13, and CDX2 (Suppl. Fig. 4A, B, C, and D, lanes 3), the mutation of 

site IIb abolished the binding by all proteins tested (Suppl. Fig. 4A, B, C, and D, lanes 6). The 

mutation of site IIIa led to a substantial reduction of the binding by HOXD10, HOXD11, and 

HOXD13 (Suppl. Fig. 5A, B, C, and D, lanes 3). The mutation of site IIIb, conversely, did not 
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significantly affect the binding by HOXD10 and HOXD13, while the binding by HOXD11 was 

reduced (Suppl. Fig. 5A, B, C, and D, lanes 6). Finally, the mutation of site IV completely 

abolished the binding by HOXD10, HOXD11, HOXD13, and CDX2 (Suppl. Fig. 6A, B, C, and D, 

lanes 3). 

 These results show that the 330 bp region encompassing the pri-miR-196b TSS contains 

several potential 5'HOX and CDX binding sites of which only one, site IV, is strongly bound in 

vitro by both 5' HOX proteins and CDX2.  

 A sequence alignment between the mouse pri-miR-196b promoter region and the 

corresponding region of the paralogous miR-196a-2 locus within the HOXC cluster on mouse 

chromosome 15 revealed a conservation of binding sites IIIa, IIIb, and IV and of the putative 

TATA box (Suppl. Fig. 3) together with their relative spacing, suggesting the evolutionary 

conservation of these relevant regulatory elements following the major genome duplication events 

that led to the formation of the HOXA and HOXC clusters (49). In addition, this finding suggests 

that the expression of miR-196b and its paralog miR-196a-2 might be regulated in concert by the 

same upstream transcription factors. Interestingly, no obvious sequence conservation was detected 

analyzing the genomic region upstream to the paralogous miR-196a-1 locus located within the 

HOXB cluster on chromosome 11, leaving its transcriptional layout and regulation still an open 

question. 

 

3.4. Cdx2 and Hoxd13 bind the pri-miR-196b promoter region in vivo, during embryogenesis 

 We next tested, using in vivo chromatin crosslinking and immunoprecipitation (ChIP), 

whether we could identify, during embryogenesis when miR-196b is maximally expressed, the 

canonical epigenetic hallmarks of promoter activity and the binding of 5' HOX and/or CDX within 

the genomic region encompassing the TSS. To this end, we prepared crosslinked chromatin from 

E10 mouse embryos, a stage comparable to HH stage 21 in chick (50) when miR-196b is highly 

expressed (see also 51). E10 mouse embryos were dissected to obtain chromatin from anterior 

regions (including hind-, mid-, and fore-brain) and from posterior ones (including posterior trunk, 

hindlimbs and tail) (Fig. 5A). Immunoprecipitations were performed using specific antibodies 

against trimethylated lysine 4 of histone H3 (me3K4), acetylated lysine 27 of histone H3 (AcK27), 

and trimethylated lysine 27 of histone H3 (me3K27) (Abcam). The first two modifications 

represent hallmarks of transcriptionally active promoters, with me3K4 usually found at 

transcriptional start sites, whereas the latter modification is characteristic of transcriptionally silent 

regions (52-54). The immunoprecipitated chromatin associated DNA was assayed for enrichment of 

specific sequences by real-time PCR (qPCR) analysis. Three primer sets were used, one amplifying 
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a fragment located close to the TSS, another amplifying a control region located within the first 

intron of the Hoxa9 gene, and a third one amplifying a fragment located within a chromosome 6 

gene desert ~75 Mb 3' from the TSS of miR-196b (Fig. 5A). Substantial enrichments of the miR-

196b promoter region were observed with the anti-me3K4 and anti-AcK27 in chromatin extracted 

from the tail region (Fig. 5B, left panel), whereas considerably lower enrichments were observed in 

chromatin derived from the anterior portion of the embryo (Fig. 5B, right panel). Conversely, a 

significant enrichment was observed using anti-me3K27 only in chromatin from the anterior E10 

embryo (Fig. 5B, right panel). No, or only comparably low enrichments of the gene desert fragment 

were observed with all three antibodies (Fig. 5B). These data confirm that the identified pri-miR-

196b promoter region carries the hallmarks of a transcriptionally active promoter region in the 

posterior part of E10 mouse embryos, i. e. where and when miR-196b is maximally expressed. 

 We then analysed by ChIP the binding in vivo, in mouse embryos, of select 5' Hox proteins 

and of the Cdx2 transcription factor. Out of four different 5' Hox proteins (Hoxa9, Hoxd10, 

Hoxd11, Hoxd13), for which specific, ChIP-grade antibodies were available, only Hoxd13 showed 

an appreciable binding to the pri-miR-196b promoter region in E10 embryo trunk chromatin (Fig. 

5C, left panel). Similarly, Cdx2 was found to bind the pri-miR-196b promoter region selectively in 

E10 embryonic posterior trunk chromatin (Fig. 5C, left panel). No significant binding by 5' Hox or 

Cdx2 was observed at the pri-miR-196b promoter region in E10 head chromatin (Fig. 5C, right 

panel), and both in head and trunk E10 chromatin at the control genomic region (Fig. 5C right and 

left panels, respectively). At a later stage, in E13.5 embryonic trunk chromatin, Cdx2 binding to the 

pri-miR-196b promoter region was considerably reduced, whereas Hoxd13 binding was unchanged 

(Fig. 5D).  

 Thus, among the homeodomain proteins that were found in EMSAs to be potentially 

capable of binding individual sites within the pri-miR-196b putative promoter, Cdx2 and Hoxd13 

were found to actually bind it in vivo, during mouse development. These data hence establish Cdx2 

and Hoxd13 as possible regulators of miR-196b expression during embryogenesis. 

 

3.5. The miR-196b promoter region is capable of driving expression in the chick embryo neural 

tube 

 To verify whether the identified pri-miR-196b promoter regulatory elements were sufficient 

and necessary to recapitulate the embryonic expression pattern of miR-196b, we carried out in ovo 

electroporation of chick embryos (40) as this represents a profitable system to rapidly characterise 

conserved transcriptional regulatory regions. Four different reporter constructs were generated 

driving the lacZ reporter gene (Fig. 6). The p196b(-249;+624)WT reporter contains a ~870 bp 
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genomic region spanning the TSS of pri-miR-196b (see also Fig. 3B) and comprises all five 

analysed binding sites (I-V), the p196b(-171;+508) reporter contains a deletion of 77 bp 5' to the 

TSS and of 116 bp 3' to it, the p196b(-249;+624)MUT3/4 reporter represents the entire 870 bp 

promoter region carrying DNA-binding disrupting mutations within sites IIIab and IV, and finally, 

the p196b(-249;+624)INV reporter represents a control construct containing the whole promoter 

region in inverted orientation (Fig. 6). Stage HH 10 chick embryos were co-electroporated in ovo 

with the indicated reporter constructs and with a GFP control construct (pCMV::eGFP Fig. 6A). 

The expression of the reporter gene was monitored 24 hours after electroporation (at stage HH 17-

19). 

 Expression of the p196b(-249;+624)WT lacZ reporter was consistently detected in GFP 

positive stage HH19 chick embryos in neuroepithelial cells of the neural tube, and showed 

reproducibly an anterior expression front reaching approximately somites 23-24 (Fig. 6, panels B 

and C). The p196b(-171;+508) reporter also displayed with high frequency an expression pattern 

within the neural tube that was superimposable to that of p196b(-249;+624)WT. Conversely, both 

the p196b(-249;+624)MUT3/4 and the p196b(-249;+624)INV reporters showed little or no 

expression in the neural tube, respectively (Fig. 6, panels E and F). The results are summarized as a 

graph in Fig. 6 (panel G). 

 Overall, these data indicate that a ~680 bp genomic region spanning the TSS of pri-miR-

196b is sufficient to recapitulate the neural tube expression pattern of miR-196 and that either 

5'HOX/CDX binding site IIIab or site IV, or both, are necessary for driving miR-196b transcription 

in the neural tube. 

 

3.6. CDX2 and 5' HOX proteins but not 3' HOX proteins activate transcription from the pri-miR-

196b promoter region 

 To assess whether CDX2 and 5' HOX proteins could indeed regulate transcription from the 

pri-miR-196b promoter, we generated a luciferase reporter construct, p196b(-249;+624), containing 

the pri-miR-196b promoter region tested in chick embryos. P19 cells were transiently co-

transfected with p196b(-249;+624) or with the pLuc control reporter construct, together with 

increasing amounts of HOXA9, HOXD10, HOXD11, HOXD13, or CDX2 expression constructs 

(Fig. 7A). All tested 5' HOX proteins could efficiently activate the basal activity of the p196b(-

249;+624) reporter, whereas no or only a marginal activation was observed on the control reporter 

(Fig. 7A). Similarly, CDX2 co-expression led to a significant increase of the p196b(-249;+624) 

reporter activity (Fig. 7A). We next tested whether two 3' HOX proteins, HOXD8 and HOXB1, 

could activate transcription from the pri-miR-196b promoter. Neither HOXD8 nor HOXB1 if co-



17 

expressed with the p196b(-249;+624) reporter could significantly activate its transcription (Fig. 

7A). As 3' located HOX proteins usually require the presence of a Pbx-family co-factor for their 

optimal transcriptional activation (29,55,56), we also tested the effect of HOXB1 on the p196b(-

249;+624) reporter in the presence of PBX1. As a control PBX1 was also co-expressed with 

HOXA9 (Fig. 7B). While the co-expression of PBX1 with HOXA9 led only to a modest increase in 

the activation of p196b(-249;+624) (Fig. 7B), but not of the mutated versions of p196b(-249;+624) 

(Suppl. Fig. 8A), the co-expression of HOXB1 and PBX1 did not significantly alter the reporter 

basal activity, indicating that the lack of transcriptional activity of HOXB1 on the pri-miR-196b 

promoter did not depend on the absence of co-expressed HOX co-factors. Taken together these data 

show that of the HOX proteins tested only AbdB-related 5'Hox proved to be able to transactivate 

the pri-miR-196b promoter, whereas HOX proteins from loci located 3' to that of miR-196 did not 

regulate its transcription in transient transcription assays. 

 We also generated luciferase reporter constructs containing mutated derivatives of the pri-

miR-196b promoter. The p196b(-249;+624)M3, p196b(-249;+624)M4, and p196b(-249;+624)M3/4 

reporter constructs contain mutations of site IIIab, site IV, and of both sites IIIab and IV, 

respectively (Suppl. Fig. 7), while p196b(-171;+508) represents a deletion mutant of both a 77 bp 

region 5' to the TSS, containing sites I and II, and a region of 116 bp 3' to the TSS (Suppl. Fig. 7). 

P19 cells were transiently transfected with the mutant reporter constructs together with increasing 

amounts of the CDX2 or HOXD13 expression constructs. The p196b(-171;+508) reporter showed 

only a moderate reduction in transcriptional activation by CDX2 with respect to its wild type 

counterpart (Fig. 8). Similarly, only a slight reduction in luciferase activity was observed with 

p196b(-249;+624)M3 upon CDX2 expression. Instead, a substantial decrease of transactivation by 

CDX2 was observed with p196b(-249;+624)M4 or p196b(-249;+624)M3/4 (Fig. 8), indicating that 

site IV is the principal CDX2 responsive element within the pri-miR-196b promoter. 

Transactivation of the pri-miR-196b promoter by 5' HOX proteins, conversely, revealed to require 

generally more than a single binding site. For instance, HOXA9, HOXD10, HOXD11, or HOXD13 

upregulation of both the p196b(-249;+624)M3 and the p196b(-249;+624)M4 mutated reporter 

constructs was considerably lower than that of their wild type counterpart (p196b(-249;+624)). And 

the p196b(-171;+508) deletion mutant could not be fully transactivated by HOXA9, HOXD11, and 

HOXD13 (Fig. 8 and Suppl. Fig. 8). 

 Taken together these results establish that the evolutionarily conserved sites within the pri-

miR-196b promoter are relevant for mediating transcriptional control by the CDX2 and 5' HOX 

proteins. In particular, CDX2 as opposed to 5'HOX proteins revealed to require selectively site IV 

for regulating pri-miR-196b transcription. 
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3.7. Cdx2 expression is required for endogenous miR-196b transcription 

 As Cdx2 proved to efficiently transactivate the pri-miR-196b promoter in transient 

transfection assays, we next tested whether its loss-of-function would affect the expression of 

endogenous miR-196b. To this end we took advantage of NTERA-2 human pluripotent embryonal 

carcinoma (EC) cells (57), which we found to express both CDX2 and miR-196b after their 

induction with retinoic acid (RA) to differentiate into a neuronal cell fate (Fig. 9A and B). NTERA-

2 cells, which did not express CDX2 in their undifferentiated state, showed an increase in CDX2 

expression after 14 days of 10
-5

M RA treatment, which reached its peak after 21 days of RA 

induction (Fig. 9B). Similarly, miR-196b, which was also not expressed in undifferentiated 

NTERA-2, was maximally expressed after 14 days of RA treatment (Fig. 9B). 

 We knocked-down the expression of CDX2 by RNA interference using three different 

siRNAs (see Methods). CDX2 protein levels in 14d RA-treated NTERA-2 cells were markedly 

reduced by all of the transfected siRNAs (-60%, -54% and -77%, respectively) (Fig. 9C, top left 

panel). CDX2 protein decrease correlated with a reduction of mature miR-196b transcript levels by 

~40% (Fig. 9C right panel). We then tested whether the gain-of-function of Cdx2 would cause an 

increase in endogenous miR-196b expression. Cdx2 was overexpressed by transfecting increasing 

amounts of a Cdx2 expression construct in 14d RA-treated NTERA-2 cells (Fig. 9C, left bottom 

panel). The enforced exogenous expression of Cdx2 was associated with an increase of endogenous 

miR-196b transcript levels proportional to the amount of Cdx2 produced (Fig. 9C, right and left 

panels). Taken together these results support the conclusion that Cdx2 is a major regulator of miR-

196b expression in this cell context. 

 



19 

4. DISCUSSION 

 

 miRNAs embedded within the four HOX gene clusters play relevant roles in embryonic 

development and cancer pathogenesis (6,7). The transcriptional mechanisms controlling their 

expression, however, are still largely uncharacterised. We focused on the miR-196b locus, as it is 

located in an evolutionarily highly conserved region between Hoxa9 and Hoxa10 on mouse 

chromosome 6, and, according to available mouse EST clones, it appeared to originate from a long 

non-coding transcript starting from the Hoxa10-Hoxa9 intergenic region. In this work, we establish 

by 5' and 3' RACE mapping that the mature miR-196b originates from a large, 2671 bp long, 

primary, non-coding transcript (pri-miR-196b), which starts within a TATA box promoter located 

at 260 bp 3' from the Hoxa10 polyadenylation signal. In accordance with the assumption that the 

identified transcription start site (TSS) represents the bona fide core promoter of pri-miR-196b, we 

found in its vicinity by ChIP a significant enrichment for H3K4me3, a canonical epigenetic 

hallmark of active promoters (52). Furthermore, a genomic region of ~680 bp, comprising the 

identified pri-miR-196b TSS and two evolutionarily conserved 5'Hox/Cdx binding sites, proved by 

in ovo electroporation to be sufficient to generate an expression pattern within the chick embryo 

neural tube that closely recapitulates the developmental expression pattern of miR-196b. Thus, 

although it cannot be excluded that a larger read-through transcript(s) may exist, comprising the 

miR-196b locus and the adjacent Hoxa10 and/or Hoxa9 loci (see e. g. 58,59), our results are 

consistent with the conclusion that pri-miR-196b is transcribed from an autonomous promoter, 

independent of the characterised Hoxa10 or Hoxa9 promoters. 

 While Hox-embedded miRNAs are generally held to be expressed co-ordinately both in 

space and time with their adjacent Hox genes, this notion is not always supported by experimental 

evidence. Indeed, miR-196a-1 a paralog of miR-196b has been shown to have a more restricted 

spatial expression pattern with respect to its neighbouring gene, Hoxb9. And in general, miR-196 

genes appear to have a more posteriorly restricted boundary of expression that the adjacent Hox9-

paralogy group genes (9,60). This suggests that miR-196 family members may not be simply 

regulated by promoters and regulatory elements belonging to adjacent Hox genes. 

 Our findings show a dynamic expression of miR-196 during chick embryogenesis, starting 

at early stages in the most posterior portion of the embryonic anterior-posterior axis, and reaching 

its maximal anterior extension at HH stage 19-20. The miR-196 posteriorly-restricted expression 

pattern observed in chick development closely matches the patterns of miR-196 expression reported 

during mouse, X. laevis, and zebrafish embryogenesis as determined by WISH and/or by using 

miRNA-responsive sensor transgenes (9,23,27,61). This tempted to speculate that the 

transcriptional regulatory mechanisms driving miR-196 expression, and hence the physical 
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elements they depend on, are evolutionarily conserved. We could indeed identify a number of 

conserved putative 5'Hox or Cdx transcription factor binding sites within the region spanning the 

Hoxa10-Hoxa9 intergenic region and encompassing the pri-miR-196b TSS, some of which we 

found to be able to bind both 5'Hox proteins and Cdx2 in vitro. Of these, three binding sites located 

in proximity to the pri-miR-196b TSS (site IIIab and IV), proved to be critical for pri-miR-196b 

expression in vivo. Their combined mutation caused the complete loss of a reporter construct 

expression within the neural tube in electroporated chick embryos. Similarly, in cultured cells, 

mutation of site IIIab and IV, led to a substantial reduction of the transcriptional activation of the 

miR-196b promoter by 5'Hox and Cdx2 gene products. Our results thus implicate both 5'Hox and 

Cdx2 in the control of pri-miR-196b expression. Cdx2 was indeed found to be necessary for the 

optimal expression of endogenous miR-196b in human NTERA-2 EC cells, which, upon retinoic 

acid induction, express CDX2 but only some 5'Hox (62), thus establishing Cdx2 as a regulator of 

miR-196b expression in this cell context. 

 Single mutations of either site IIIab or site IV showed that transcriptional activation by 

5'Hox proteins (HOXA9, HOXD10, HOXD11, and HOXD13) was affected equally well by site 

IIIab or site IV mutation, while Cdx2-mediated transactivation was significantly impaired only by 

site IV mutation. These results correlate with our EMSA experiments showing that 5'Hox bind both 

site IIIab and IV, whereas Cdx2 binds strongly to site IV and only barely to site IIIab. Thus, among 

the identified conserved binding sites, site IV can be bona fide considered as both a CDRE (Cdx 

responsive element) as well as a 5'Hox responsive element. The fact that the miR-196b promoter 

can be bound both by 5'Hox and Cdx proteins would suggest a possible competition or sequentiality 

in vivo between these transcription factors for its regulation. Indeed, in vivo, selectively in the 

caudal portion of mouse embryos, the promoter region including site IV was bound at stage E10, 

both by the Cdx2 protein and by the Hoxd13 5'Hox protein. At E13.5, binding of Cdx2 was 

essentially undetectable, whereas binding of Hoxd13 persisted, prompting to speculate that at this 

stage the control of miR-196b expression is taken over by paralogy group (PG) 13 Hox proteins. 

 Regulation of miR-196b expression potentially by both 5'Hox and by Cdx gene products 

could point to different roles played by this miRNA, pertaining to different phases of anterior-

posterior (A-P) axis formation and patterning during embryogenesis. Cdx genes have been shown to 

be crucial for posterior elongation of the main body axis during mouse development (20,21,63-65). 

Human and mouse genomes contain three paralogous members of the Cdx gene family of ParaHox 

transcription factors, Cdx1, Cdx2, and Cdx4 (17). While all Cdx genes participate in the posterior 

extension of the A-P axis, Cdx2 plays a primary role in this process, as Cdx2 conditional, epiblast 

restricted mutant mice are posteriorly truncated, lack axial tissues posterior to the forelimbs, and die 
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in utero at E10.5 (63). Similarly, Cdx2
+/-

;Cdx4
-/-

 mice fail to develop caudal body regions posterior 

the hindlimbs, and axial extension prematurely terminates at ~E10.5 (21). Cdx genes have been 

shown to act downstream of Fgf signalling to regulate 5' Hox genes in posterior embryo regions 

during the specification of regional identities along the A-P axis (18,19). The gain of function of 

"central" Hox genes, such as Hoxb8 and Hoxa5, expressed in developing trunk regions of the 

mouse embryo, has been shown to rescue the phenotype produced by Cdx gene mutation (21). 

Conversely, "posterior", 5' Hox genes belonging to PG 13, such as Hoxa13, Hoxb13, and Hoxc13, 

have been shown to prematurely arrest axial elongation if expressed precociously, recapitulating the 

defects observed in Cdx mutant embryos (21). These observations led to the conclusion that Cdx 

and "trunk" Hox genes promote posterior extension of axial structures by sustaining the growth of 

progenitor cells within axial tissues. This process would last in time until the onset of "posterior", 5' 

Hox gene expression. The gene products of 5' Hox, in particular of PG 13 Hox, would then exert 

their functional dominance over more anteriorly-expressed, more 3' located, "trunk" Hox proteins to 

arrest axial extension (see 21). 

 In this scenario, the binding and activation of the pri-miR-196b promoter by Cdx and by 5' 

Hox genes could reflect different roles in time played by miR-196b in dampening "trunk" Hox gene 

product expression. During the Cdx-controlled phase of axis formation and elongation regulation of 

miR-196b expression by Cdx would play a role in the fine-tuning of trunk "central" Hox gene 

product levels. In the subsequent, 5'Hox-controlled phase of axis extension termination, the 

regulation of miR-196b by 5'Hox would play a role in reinforcing the dominant competition, or 

"posterior prevalence" (see below), of these on trunk, "central" Hox gene activity by contributing to 

the clearance of their gene products. Intriguingly, transcription of Cdx2 was not significantly 

reduced in mice precociously expressing PG13 Hox genes, pointing to possible post-transcriptional 

mechanisms in the interference by PG13 5' Hox on Cdx and/or "central" Hox gene function (21). 

 5'Hox proteins are known to exert a functional dominant role over more "anterior", 3'Hox 

proteins in body regions in which these are co-expressed, an activity that is known under the name 

of "posterior prevalence" (66-68). Much has been speculated on the mechanism(s) underlying this 

feature of the Hox gene products, including the possible intervention of Hox cluster-embedded 

miRNAs. This latter assumption stems from the observation that Hox-embedded miRNAs 

preferentially target transcripts originating from Hox genes located 3' to the miRNA loci, while 

leaving 5' Hox unaffected (see 10). Thus, Hox-embedded miRNAs would act as mediators of 

posterior prevalence by selectively quenching the amounts of "anterior" Hox gene products, hence 

their function, in posterior body regions. In this context, our findings, showing binding in vivo 

during embryogenesis and transcriptional regulation of the miR-196b promoter by 5'Hox proteins, 
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prompt to speculate that these could employ miR-196 family members, by activating their 

transcription, to control post-transcriptionally the protein levels of "anterior" 3'Hox, within 

posterior body regions in which they are co-expressed. Further work will be required to validate 

this hypothesis. 

 In conclusion, the results described in this paper establish an essential role for Cdx2 and 

5'Hox responsive elements within the pri-miR-196b promoter region for the developmental 

expression of miR-196, with possible implications in understanding the misregulation of miR-196 

expression in tumorigenesis as Cdx and Hox genes are also involved in cancer pathogenesis. 
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7. LEGENDS TO FIGURES 

 

 Fig. 1. Temporal and spatial expression pattern of miR-196 in chick embryos. Expression of 

miR-196 was assessed by whole-mount in situ hybridization (WISH). Mature microRNA 

expression was detected with a digoxigenin-labelled, LNA-modified probe (Exiqon) revealing all 

three miR-196 family members in chicken (miR-196-1, miR-196-2, miR-196-3, corresponding to 

miR-196a-1, miR-196b, and miR-196a-2, respectively, in human and mouse). Their expression was 

analysed during in ovo development at the Hamburger-Hamilton stages (HH) indicated in the 

panels (A-L). For each stage the left panel shows the dorsal view, the right panel the lateral one. 

For each stage 10-12 embryos were analysed, the presented embryos exemplify the obtained 

expression patterns. Black arrowheads represent the anterior boundary of miR-196 expression. 

 

 Fig. 2. Identification of primary miR-196b 5’ and 3’ ends. Schematic representation of the 

mouse Hoxa9-Hoxa10 genomic region. The Hoxa10 and Hoxa9 genes from their TSSs (+1) to their 

poly-A sequences are represented as grey block arrows. A black block arrowhead indicates the 

miR-196b pre-miR sequence, located between Hoxa9 and Hoxa10. The indicated miR-196b TSS 

and poly-A sequence were identified using 5’- and 3’-RACE, respectively. The resulting primary 

transcript (pri-miR-196b) and the mRNAs of neighbouring Hox genes are indicated on top. Primers 

used in the PCRs are indicated at the bottom. GSP, Gene Specific Primer. 

 

 Fig. 3. The region upstream to the miR-196b gene contains putative 5’HOX/CDX2 binding 

sites. (A) Alignment of pri-miR-196b and of its 5’ promoter region to Chr.6 52231000-52227500 

mouse genomic sequence was performed using the UCSC Genome Browser. UCSC genes, mouse 

mRNA, CpG islands and conservation tracks are shown in dense mode, with each item displayed 

separately, as indicated on the right. mRNAs are transcribed from left to right. The highest degree 

of conservation is found within a region of ~300bp located upstream from the transcription start site 

and in close proximity to the pre-miR-196b sequence. (B) Sequence comparison of the miR-196b 

promoter region in reference species was performed using the Clustal-Omega software. Seven 

different putative 5’HOX/CDX2 binding sites (boxed) were identified using the MatInspector 

software. Grey boxes highlight a canonical TATA box and an Initiator element. A black arrow 

indicates the mouse TSS, small boxes surmounted by an asterisk indicate the human TSSs. A 

previously mapped mouse CpG island is indicated by a grey rectangle. 

 

 Fig. 4. 5' HOX and CDX2 bind in vitro to the miR-196b promoter region. (A, B) EMSAs 

using oligonucleotides corresponding to sites I-V of the miR-196b promoter region and the 
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indicated in vitro transcribed/translated proteins. The amount of reticulocyte lysate in each binding 

reaction was adjusted to normalize for translated protein content. (RRL=empty rabbit reticulocyte 

lysate). (C) EMSA using a site IV oligonucleotide. Nuclear extracts (10 g) prepared from 

HEK293, cells expressing CDX2 and all the analyzed 5’HOX proteins, led to the formation of four 

retarded bands. Black arrowheads indicate specific bands; asterisks point out non-specific bands. A 

specific band, comigrating with in vitro synthesized CDX2 (lane 1) was supershifted by an anti-

Cdx2 antibody (white arrowhead). C2= Cdx2 antibody; A9, D10, D11 indicate antibodies against 

HOXA9, HOXD10 and HOXD11, respectively. WT= 500-fold excess of wild-type unlabelled 

competitor; MUT= 500-fold excess of unlabelled competitor carrying a mutation of the TTTATG 

sequence (site IVMUT see Materials and Methods). (D) miR-196b levels detected by qRT-PCR in 

total RNA from NTERA2, P19, and HEK293 cells. Expression levels were calculated according to 

the ∆∆Ct method using RNU6B as a reference gene. 

 

 Fig. 5. 5’HOX and CDX2 bind in vivo to the miR-196b promoter. (A) Representative mouse 

embryo with boxes indicating the dissected portions used to prepare chromatin for ChIP assays. 

Schematic representation of the murine chromosome 6 region encompassing the miR-196b locus, 

showing the primer set amplifying the miR-196b promoter region and two alternative negative 

control regions, one located within the intron of Hoxa9 (CTRL 1), and the other within a gene 

desert located ~70Mb 3' to the miR-196b locus (CTRL 2). (B, C, D) ChIPs on mouse embryo 

chromatin were performed with anti-me3K4, anti-me3K27, anti-AcK27 antibodies (B), or with 

anti-HOXA9, anti-HOXD10, anti-HOXD11, anti-HOXD13, and anti-CDX2 antibodies (C). (CA) 

Control antibody. IP enrichments were analysed by qPCR using oligonucleotides amplifying the 

three regions indicated. Dark grey bars represent the binding on the miR-196b promoter region, 

whereas light grey bars represent the enrichment on the two respective control regions. Bars 

represent the IP/INPUT ratio ±SEM of at least three independent experiments. An asterisk 

represents p < 0.05. 

 

 Fig. 6. The miR-196b promoter region recapitulates in vivo the endogenous miR-196b 

expression pattern. Chicken embryos were electroporated at HH10 stage and collected 24h later. A 

CMV-driven GFP construct was always co-electroporated as a positive control and only embryos 

showing labelling in the whole neural tube (as shown in A) were considered in the analysis and 

subjected to β-galactosidase staining. Lateral (B), and dorsal (C) views of embryos electroporated 

with the miR-196b promoter region (p196b(-249;+624)WT). (D), Embryos electroporated with a 

construct, p196b(-171;+508), carrying only the central portion of the promoter. Embryos injected 
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with mutant constructs, p196b(-249;+624)M3/4 (E), and p196b(-249;+624)INV (F), displayed no 

staining. The electroporated constructs are indicated under the respective panels. (G), 

Electroporation results are summarized in a stacked column chart. Expressing embryos are 

represented as percentage of the total number of analysed embryos (n= 30 for the wild-type 

construct, n=26 for p196b(-171;+508), and n=20 for the each of the promoter mutants). Expressing 

embryos were classified in three categories according to staining levels: strong, medium and 

weak/no expression. 

 

 Fig. 7. CDX2 and 5' HOX proteins activate transcription from the pri-miR-196b promoter 

region. Luciferase activities assayed in cell extracts of P19 murine cells, transiently transfected with 

the empty, pLuc (light grey) or the p196b(-249;+624) reporter constructs (dark grey), together with 

increasing amounts (0,12-0,25 g) of expression constructs for the indicated HOX and CDX2 

proteins. (A) HOXA9, HOXD10, HOXD11 and HOXD13 were tested as representative members 

of the 5' or "posterior" subclass of HOX proteins; HOXB1 and HOXD8 as representative members 

of "anterior" and "central" HOX proteins, respectively. (B) Fixed amounts of HOXA9 and HOXB1 

(0.12 g) were co-transfected together with a increasing amounts (0,25-0.5 g) of a construct 

expressing their cofactor PBX1a. Bars represent the mean luciferase activity±SEM of at least three 

independent experiments. * = p < 0,05, ** = p < 0,005, *** = p < 0,001, NS = not statistically 

significant. 

 

 Fig. 8. Central portion of miR-196b promoter is crucial for HOX/CDX transactivation. 

Luciferase activities assayed in cell extracts of P19 murine cells, transiently transfected with 

increasing amounts (0,12-0,25 g) of the expression constructs for CDX2 (A), HOXA9 (B) or 

HOXD10 (C), together with a fixed amount of empty (light grey) and wild-type or mutant reporter 

constructs (dark grey) carrying the pri-miR-196b promoter sequence. A schematic representation of 

the transfected constructs is shown in Suppl. Fig. 7. Bars represent the mean luciferase 

activity±SEM of at least three independent experiments. * = p < 0,05, ** = p < 0,005. 

 

 Fig. 9 Cdx2 expression affects miR-196b transcription. NTERA-2 human EC cells were 

induced to differentiate towards a neural fate by 10
-5

M all-trans retinoic acid (RA) treatment. (A) 

Immunoblotting of Cdx2 expression using anti-Cdx2 antibodies (Biogenex) of whole-cell extracts 

from untreated (-) or RA-treated (7, 14, 21 days) NTERA-2 cells. (B) miR-196b and CDX2 mRNA 

levels detected by qRT-PCR in total RNA from NTERA-2 cells. Expression levels were calculated 

according to the ∆∆Ct method using RNU6B and actin as reference genes, respectively, and using 

untreated NTERA-2 cells as calibrator. (C) Top left, immunoblotting of Cdx2 expression after 
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transfection of NTERA-2 cells treated with RA for 14 days with three different siRNA, or with the 

control scrambled siRNA (SCR). (NT) Non-transfected cells. Bottom left, immunoblotting to detect 

Cdx2 protein levels on whole-cell extracts from 14d RA-treated NTERA-2 cells transfected with 

increasing amounts of a Cdx2 expression construct. Right panel, miR-196b expression assayed by 

qRT-PCR in total RNA from siRNA-transfected or Cdx2-overexpressing NTERA-2 cells. 

Expression levels were calculated according to the ∆∆Ct method using RNU6B as a reference gene 

and using nontransfected induced NTERA-2(RA-14d) cells as calibrator. Anti-Tubulin antibodies 

were used in all immunoblottings as a loading control. 
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LEGENDS TO SUPPLEMENTAL FIGURES 

 

Suppl. Fig. 1. (A) Mature miR-196b expression detected by qRT-PCR in total RNA extracted from 

whole embryo (W) or from tissues dissected from head (H), anterior (AT) or posterior trunk (PT) of 

mouse embryos at the indicated stages of development. miR-196b expression was normalized using 

the small RNA RNU6B as a reference endogenous control. (B) Expression profile of the internal 

reference control RNU6B in the tissues and stages analysed showing its constancy. 

 

Suppl. Fig. 2. Sequencing products of 5’ and 3’ RACE are shown on left and right, respectively. 

Black arrows indicate TSS and 3' end of transcripts. Two alternative TSSs for pre-miR-196b were 

discovered in humans (termed I and II). 

 

Suppl. Fig. 3. Nucleotide sequence comparison of the pri-miR-196b and pri-miR-196a2 promoter 

regions in the mouse genome was performed using the Clustal-Omega software. The putative 

5’HOX/CDX2 binding sites termed IIIa and IV display a high degree of conservation in mouse. 

Concomitantly, a canonical TATA box is located at the same relative position in the genome. No 

initiator element was detected in pri-miR-196a2 promoter region. The conservation of these 

elements is highlighted by black rectangles. 

 

Suppl. Fig. 4. EMSAs using oligonucleotides corresponding to site IIab (SITE II WT) and to its 

derivatives carrying single or compound mutations of sites IIa and IIb (MUT IIa, MUT IIb, and 

MUT IIab), together with the indicated in vitro transcribed/translated proteins. The amount of 

reticulocyte lysate in each binding reaction was adjusted to normalize for translated protein content. 

(RRL=empty rabbit reticulocyte lysate). An arrowhead indicates the specific retarded complex, 

asterisks indicate non-specific bands. 

 

Suppl. Fig. 5. EMSAs using oligonucleotides corresponding to site IIIab (SITE III WT) and to its 

derivatives, carrying single or compound mutations of sites IIIa and IIIb (MUT IIIa, MUT IIIb, and 

MUT IIIab), together with the indicated in vitro transcribed/translated proteins. The amount of 

reticulocyte lysate in each binding reaction was adjusted to normalize for translated protein content. 

(RRL=empty rabbit reticulocyte lysate). An arrowhead indicates the specific retarded complex, 

asterisks indicate non-specific bands. 
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Suppl. Fig. 6. EMSAs using oligonucleotides corresponding to site IV (SITE IV WT) and to its 

derivative, carrying a mutation within sites IV (MUT IV), together with the indicated in vitro 

transcribed/translated proteins. The amount of reticulocyte lysate in each binding reaction was 

adjusted to normalize for translated protein content. (RRL=empty rabbit reticulocyte lysate). An 

arrowhead indicates the specific retarded complex. 

 

Suppl. Fig. 7. Schematic representation of the genomic fragments containing the pri-miR-196b 

promoter region used to generate luciferase reporter constructs. The annotated 5’HOX/CDX2 

binding sites are represented with green vertical rectangles. Red boxes indicate mutations of the 

corresponding binding sites. A black arrow indicates the TSS. 

 

Suppl. Fig. 8. Luciferase activities assayed in cell extracts of P19 murine cells. (A) Cells were 

transiently transfected with fixed amounts of the HOXA9 or PBX1a expression constructs, or with 

both HOXA9 and PBX1a expressors, together with a fixed amount of empty (light grey), wild-type, 

or mutant indicated reporter constructs (dark grey). (B and C) P19 cells were transfected with 

increasing amount of HOXD11 and HOXD13 expression constructs respectively, together with a 

fixed amount of the indicated reporter constructs. Bars represent the mean luciferase activity±SEM 

of at least three independent experiments. * = p < 0,05, ** = p < 0,005. 
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ABSTRACT 

 

  The miR-196 miRNA gene family located within the Hox gene clusters has been shown to 

function during embryogenesis and to be aberrantly expressed in various malignancies, including 

leukemia, melanoma, and colorectal cancer. Despite its involvement in numerous biological 

processes, the control of miR-196 expression is still poorly defined. We identified the miR-196b 

promoter and found that the mature miR-196b originates from a large, non-coding primary 

transcript, which starts within an autonomous TATA box promoter and is not in physical 

continuity with either the Hoxa10 or Hoxa9 main primary transcripts. A ~680 bp genomic 

fragment, spanning the pri-miR-196b transcription start site, is sufficient to recapitulate the neural 

tube expression pattern of miR-196 during embryogenesis. This region contains potential binding 

sites for Cdx and 5'Hox transcription factors. Two of these sites revealed to be necessary for 

neural tube expression and were bound in vivo by Cdx2 and Hoxd13. We show that Cdx2 is 

required for miR-196 expression and that both Cdx2 and 5'Hox, but not 3'Hox, are able to activate 

the miR-196b promoter. The possible role of Cdx2- and 5'Hox-mediated regulation of miR-196 

expression in vertebrate anterior-posterior (AP) axis formation during embryogenesis is discussed. 
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1. INTRODUCTION 

 

 MicroRNAs (miRNAs) are evolutionarily conserved, small non-coding RNAs of ~20-24 

nucleotides (nt) in length, which negatively regulate gene expression at the post-transcriptional 

level. They typically bind to the 3' UTR of their target mRNAs, and either inhibit translation or 

induce mRNA degradation (1, 2). miRNAs derive from larger primary miRNAs (pri-miRNAs), in 

many cases non-coding, which are processed by endonucleases, to precursors (pre-miRNAs) in the 

nucleus and eventually to their mature form in the cytoplasm. miRNAs participate in the regulation 

of a vast array of biological processes, ranging from cell cycle regulation to differentiation and 

development. Consequently, the deregulation of miRNA expression is implicated in several human 

diseases including cancer (3). The mechanisms controlling miRNA gene expression, especially 

those regarding the transcription of their pri-miRNA precursors, have been only partially 

elucidated. These studies reveal a primary role for RNA polymerase II (RNA polII) in miRNA 

transcription (4), and that many miRNA genes use their own promoter and transcriptional 

regulatory elements, even if located within gene clusters (intergenic) or within introns of coding 

genes (intragenic) (5). Still less known are the transcription factors directing miRNA gene 

transcription. Their knowledge, however, would greatly increase our understanding of miRNA gene 

deregulation in disease, and would allow to define novel gene regulatory networks, comprising 

miRNAs, their transcriptional regulators, and their target mRNAs, thus connecting transcriptional 

and post-transcriptional controls in single pathways. 

 The miR-196 gene family is evolutionarily conserved, having arisen in a common ancestor 

of chordates and urochordates, and includes three genes, all located within the HOX gene clusters 

(6). In the human genome, the miR-196a-1 gene is located in the intergenic region between HOXB9 

and HOXB10 on chromosome 17, miR-196a-2 between HOXC9 and HOXC10 on chromosome 12 

(7). miR-196b is located between HOXA9 and HOXA10 on chromosome 7 in human, and on 

chromosome 6 in mice, in a region evolutionarily conserved among vertebrates (7). miR-196a-1 

and miR-196a-2 share the same mature, functional miRNA sequence, while miR-196b differs from 

the miR-196a sequence by one nucleotide (8). miR-196 family members have been reported to 

participate in relevant biological processes such as embryonic development (reviewed in 9) and 

tumorigenesis where they have been found to be aberrantly expressed in various malignancies, 

including glioblastoma, melanoma, leukemia, and colorectal cancer (reviewed in 7). 

 Among all putative miR-196 targets, found by in silico prediction, Hox mRNAs appear to 

be the class of transcripts that are preferentially targeted by the miR-196 gene family (10). Indeed, 

if the percentage of conserved miRNA target sites within the 3' UTRs of Hox transcripts is taken 

into account, the miR-196 gene family ranks first among all conserved miRNA families (10). The 
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"central" Hoxa7, Hoxb8, Hoxc8, and Hoxd8 genes, expressed in the developing trunk during 

embryogenesis, have been demonstrated experimentally to be conserved targets of miR-196 

(9,11,12). 

 Hox homeodomain-containing transcription factors have been shown to play crucial roles in 

embryonic development by controlling determination of cell fate, motility, adhesion, proliferation, 

and apoptosis, eventually orchestrating the generation of different morphological identities along 

the primary body and limb axes (reviewed in 13,14). Alterations of HOX gene expression and/or 

structure have been moreover found to be associated with tumorigenesis (reviewed in 15,16). In 

addition to Hox genes, the ParaHox family Cdx genes (17) are relevant to anterior-posterior axis 

patterning and elongation during embryogenesis, in part also as upstream regulators of Hox genes 

(18-21). 

 The remarkably close proximity of miR-196 and its most relevant target genes has prompted 

speculations about its biological significance. It has been proposed that HOX-embedded miRNAs 

(miR-10 and miR-196) may play a role in the phenomenon termed "posterior prevalence". Posterior 

prevalence, represents one of the characteristic features of the Hox gene system (reviewed in 13). It 

accounts for the fact that more posteriorly-expressed Hox genes, such as the AbdB-related, 5' 

located Hox (5'Hox), are functionally dominant over anteriorly-expressed genes, as single loss-of-

function Hox mutants display phenotypes only in the most anterior regions of their expression 

domains (22). The putative role of Hox cluster-linked miRNAs in posterior prevalence rests on the 

observation that their Hox target mRNAs are asymmetrically distributed with respect to their 

location within the HOX clusters. For instance, the majority of Hox target mRNAs of miR-196 are 

located 3' to the miR-196 loci, thus the activity of miR-196 would repress expression of Hox genes 

located 3' to its locus, while sparing 5' located Hox (reviewed in 10). 

 Both loss- and gain-of-function experiments have shown that the miR-196 gene family 

participate in developmental processes such as limb A-P, nervous system, and axial skeletal 

patterning (reviewed in 6). The majority of these studies have focused on the capability of miR-196 

to negatively regulate the expression of Hoxb8 (23-26), a key representative of "central" Hox genes, 

expressed in developing trunk regions of the embryo. miR-196 has been shown to reinforce the 

repression and to contribute to the clearance of the Hoxb8 gene product in caudal regions of the 

embryo, to define the posterior boundary of Hoxb8 function (23,24). In more anterior regions where 

it is co-expressed with Hoxb8, miR-196 has been shown to increase the robustness of the Hoxb8-

controlled genetic program by eliminating fluctuations in its expression (25). Finally, 

overexpression of miR-196 in zebrafish causes transformations of anterior vertebrae identities and 

the failure of pectoral fin bud initiation (27). 
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 Despite its roles in development and cancer (reviewed in 7) the regulation of miR-196 gene 

expression has never been thoroughly characterised (see 6). Still unknown are its promoters, their 

upstream regulators as well as the regulatory elements to which these bind. We thus set out to 

characterize the miR-196b promoter, and to explore the possibility that it might be controlled by 

upstream regulators of the Hox gene clusters and/or by Hox gene products themselves possibly as 

part of the mechanism(s) underlying posterior prevalence. We found that the mature miR-196b 

originates from a large, 2671 bp, primary, non-coding transcript (pri-miR-196b), which is, unlike 

previously assumed, not in physical continuity with either the Hoxa10 or Hoxa9 main primary 

transcripts, and starts within an autonomous TATA box promoter. The evolutionarily conserved 

genomic region upstream to the pri-miR-196b transcriptional start site (TSS) was found to contain 

several potential binding sites for Cdx and 5'Hox transcription factors. We establish that a ~680 bp 

genomic fragment spanning the pri-miR-196b TSS is sufficient to recapitulate the neural tube 

expression pattern of miR-196 and that two of the analysed sites are necessary in vivo for pri-miR-

196b promoter function. We show that these sites are bound in vivo by the Cdx2 and Hoxd13 

proteins in posterior regions of E10 mouse embryos. Cdx2 and 5'Hox, but not 3'Hox, were found to 

transactivate the pri-miR-196b promoter and Cdx2 to be necessary for the expression of miR-196 in 

human embryonal carcinoma (EC) cells. We discuss the possible significance of the regulation of 

miR-196 expression by Cdx2 and/or 5'Hox in the context of vertebrate anterior-posterior (AP) axis 

formation. 
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2. MATERIALS AND METHODS 

 

2.1. Plasmid constructs 

 The pri-miR-196b murine promoter sequence was obtained by PCR amplification from 

genomic DNA of P19 cells using the following primers: 196b(-249)for: 5’-

AAAAGCTGTGGAATGAAGC-3’; 196b(+624)rev: 5’-CTCCGGAAAGGTACGCCTAG-3’. The 

amplified fragment was sequence-verified and cloned into the HindIII site of the pXP2-luciferase 

vector (28) to obtain the p196b(-249;+624) reporter construct. A 680-bp fragment, encompassing 

sites III and IV, and V, was PCR-amplified using the following primers: 196b(-171)for: 5’-

GAGGGCTAGCCCGAGCCC-3’; 196b(+508)rev: 5’-CGGTGTGAGGCGGGTTCC-3’. The 

fragment was verified by sequencing and cloned into the HindIII site of pXP2 to generate p196b(-

171;+508). The p196b(-249;+624)M3 mutant was generated via splicing by overlapping extension 

(SOE), using the wild type promoter as a template and mutating site IIIab using the following 

primers: 196b(M3)for 5’-TGCCTTTAGGCATCTATTTAAATATGCCCTAGACGGTCGGCATT- 

TGTCTGGGCCCTATAG-3’; 196b(M3)rev: 5’-ATGCCGACCGTCTAGGGCATATTTAAATA-

GATGCCTAAAGGCATTGCAGGGGGCTCGGG-3’. Starting from the wild type promoter and 

from the p196b(-249;+624)M3 constructs, respectively, p196b(-249;+624)M4 and p196b(-

249;+624)M3/4 were generated using the following primers: 196b(M4)for: 5’-

TTTGTTCAGGGGG-CGTCATTGCTAGTATATCTGGATTG-3’; 196b(M4)rev: 5’-

TACTAGCAATGACGCCCCCTG-AACAAAAGCCGACAAACC-3’. All mutant fragments were 

cloned into the HindIII site of pXP2. 

The promoter sequences described above were also cloned into the pGL3basic luciferase reporter 

vector (Promega) using the same strategies. The reporter constructs used in electroporation 

experiments were generated using the pNASSβ reporter vector (Clontech). They were generated by 

cloning the PCR fragments described above into the EcoRI-blunted site of pNASSβ. Following the 

same strategy, the wild-type promoter was cloned in addition into pNASSβ in antisense 

orientation. 

 Expression vectors for PBX1a, HOXB1, HOXD8, HOXD10, and HOXD13 were described 

previously (29-31). The pSG-FHOXA9 expression construct was obtained by PCR amplification of 

the human HOXA9 coding sequence, which was cloned into the BamHI site of the pSG5-FLAG 

vector.  

 

2.2. Whole mount in situ hybridization (WISH) 

 WISH was performed using the method described in (32) with some minor modifications. 

Embryos at 17-25 Hamburger-Hamilton (HH) (33) stages were dissected in PBS and fixed 
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overnight in 4% paraformaldehyde. Embryos were then permeabilized with proteinase K and 

hybridized with 5nM miR-196 digoxygenin-labeled LNA probe (Exiqon) in hybridization buffer 

(50% formamide, 5X SSC pH 7, 0,1% Tween-20, 50 g/mL total yeast RNA, 50 g/mL heparin, 

0,1% CHAPS, 5mM EDTA and 2% blocking powder) overnight at 44°C. 

 

2.3. Chromatin immunoprecipitation (ChIP) 

 ChIP assays were performed as described in (34). Briefly, formaldehyde-crosslinked 

chromatin was extracted from caudal trunk and forebrain dissected from ~200 E10 mouse embryos, 

and subjected to immunoprecipitation using 1 µg anti-me3K4 (Abcam, cat#ab8580), 5 µg anti-

me3K27 (Abcam, cat#ab6002), 5 µg anti-AcK27 (Abcam, cat#ab4729), 5 µg anti-HOXD11 

(Abcam, cat#ab60715) (35), 5 µg anti-HOXD13 (Abcam, cat#ab19866), 5 µl anti-CDX2 

(Biogenex, cat#MU392A-UC clone Cdx2-88), 5 µg anti-HOXA9 (Upstate, cat#07-178) (36) and 5 

µl anti-HOXD10 (37), 5 µg anti-FLAG (F3165, Sigma, clone M2) was used as control antibody. 

The enrichment of amplified DNA sequences in immunoprecipitates was calculated as a percentage 

of total input chromatin. Mean enrichments for each ChIP were assessed using at least three 

independent ChIP quantitative real-time PCR (qPCR) results. Primers used in qPCR analysis were: 

miR196b F_: 5’-GAGCCCCCTGCAATTACTTT-3’; miR196b R_: 5’-

CAAGACAGCCACAATCCAGA-3’; CTRL1 F_: 5’-CTCCGCCGCTCTCATTCTC-3’; CTRL1 

R_: 5’- ACGCTTGACACT-CACACTTTG-3’; CTRL2 F_: 5’-

GGAGGGATTCAAAGTCAGTGTC-3’; CTRL2 R_: 5’-CTGCCTT-ATCTTGGAGCCATC-3’. 

 

2.4. RRL, nuclear extracts, and EMSAs 

 CDX2 and human 5'HOX proteins were synthesized in vitro using the TNT-coupled 

transcription/translation system (Promega). In EMSAs the total amount of reticulocyte lysate 

utilized was adjusted to normalize for translated protein content, based on the amount of 
35

S-Met 

incorporated and on the number of Met residues for each protein. The amount of the control, 

"empty" RRL used corresponded to the highest amount of total RRL used in the other binding 

reactions for each experiment. The binding reactions were performed as described previously by 

(38). Briefly, proteins were pre-incubated with 100 ng poly-(dI-dC) in 1x binding buffer (0.1 M 

KCl, 2 mM MgCl2, 4 mM spermidine, 0.1 mg/ml BSA) for 15 minutes on ice. 20,000-50,000 cpm 

of 
32

P-labelled probe were then added and samples were incubated for 30 minutes on ice. For 

supershift experiments, 2 μg of the indicated antibodies, or 2 μL αCDX2 ascite (Biogenex), were 

added to the binding reactions. In competition assays, a 500-fold excess of cold probe was used. 
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Reactions were separated on 6% polyacrylamide gels in 0.5x TBE at 4°C. The oligonucleotides 

probes used are:  

SITE I: 5’-GAAGCTTTTTAATTTCACCTCTTTTTTGACTTCTTATCTTCACCTTC-3’;  

SITE IIab: 5’-CACCTTCCATTTTATCCTGTCCACCACTTTTACAACAGGAGGGC-3’;  

SITE IIIab: 5’-CTGCAATTACTTTAGGCATCTATTTAAATATTACCTAGACGGTCGT- 

AATTTGTCTGG-3’;  

SITE IV: 5’-CGGCTTTTGTTCAGTTTTATGACTTGCTAGTATATCTGG-3’;  

SITE V: 5’-CGCAGGAGCCAGTTATTTTGCGGGTATCCAGGTCCC-3’. 

SITE IIa MUT: 5’-CACCTTCCATGGGCGACTGTCCACCACTTTTACAACAGGAGGGC-3’ 

SITE IIb MUT: 5’-CACCTTCCATTTTATCCTGTCCACCACGGGGCAAACAGGAGGGC-3’ 

SITE IIab MUT: 5’-CACCTTCCATGGGCGACTGTCCACCACGGGGCAAACAGGAGGGC-

3’ 

SITE IIIa MUT: 

5’CTGCAATGCATTTAGGCATCTATTTAAATATTACCTAGACGGTCGTAATTTGTCTGG-

3’ 

SITE IIIb MUT: 5’-

CTGCAATTACTTTAGGCATCTATTTAAATATGCACTAGACGGTCGTAATTTGTCTGG-3’ 

SITE IIIab MUT: 5’-

CTGCAATGCATTTAGGCATCTATTTAAATATGCACTAGACGGTCGTAATTTGTCTGG-3’ 

SITE IV MUT: 5’-CGGCTTTTGTTCAGGGGGCGTCATTGCTAGTATATCTGG-3’ 

 Nuclear extracts from HEK293 cells were prepared by lysing them in cytoplasmic buffer 

(10mM HEPES pH 7,9, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT) and subsequent extraction in 

nuclear buffer (20mM HEPES pH 7.9, 420mM NaCl, 1.5mM MgCl2, 0.2mM EDTA, 0.5mM PMSF 

and 0.5mM DTT) (39).  

 

2.5. 5’ and 3’ rapid amplification of cDNA ends (RACE) 

 For 5’ RACE experiments, total RNA was isolated from posterior trunk of E10.5 CD1 

mouse embryos by using TRIzol (Invitrogen) and treated with RQ1 DNAse (Promega) before the 

reverse-transcription step with 196b-5’-GSP1. A tail of dCTP was then added to the cDNA by using 

terminal deoxynucleotidyl transferase (TdT, Promega). The tailed DNA was initially amplified with 

a dG-adapter primer and 196b-5’-GSP2 and finally nested-amplified with an abridged primer 

(AUAP) anchoring to the adapter and 196b-5’-GSP3 primer. The human miR-196b promoter was 

investigated with the same strategy using three human gene-specific primers and RNA from 

HEK293 cells. 
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 In 3’-RACE experiments, cDNA was retrotranscribed with dT-anchor primer annealing on 

the poly-A tail of the pri-miR-196b, initially amplified with AUAP and 196b-3’-GSP1 and finally 

nested-amplified with the AUAP and 196b-3’-GSP2 primers. Both 5’- and 3’-RACE products were 

visualized by gel electrophoresis , cloned into the pBluescipt SK+ vector and sequence verified. 

The primers used in RACE experiments are listed below: 

196b-5’-GSP1: 5’-TGATGCTGCGGGCGTAGGG-3’; 

dG-adapter: 5’-GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGG-3’; 

196b-5’-GSP2: 5’-GGAAACGCGTGGCCTAGCGG-3’; 

AUAP: 5’-GGCCACGCGTCGACTAGTAC-3’; 

196b-5’-GSP3: 5’-CCCTCCTCCGCGGATTTCGGG-3’. 

hsa 196b-5’-GSP1: 5’-CAGTAAGGTATTCCTGGGAGG-3’; 

hsa 196b-5’-GSP2: 5’-ACTCTGGCAAGCAGGAAACG-3’; 

hsa 196b-5’-GSP3: 5’-ATGCTGCAGAGAGATGCGCTGTGGGCCAG-3’; 

dT-anchor primer: 5’-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTT-3’; 

196b-3’-GSP1: 5’-GTCGCCCGACTACTGAGAAC-3’; 

196b-3’-GSP2: 5’-ATGCTGCAGTGGATGCAACCACACAACAC-3’. 

 

2.6. Cell culture, transfection and luciferase assays 

 P19 cells (ATCC# CRL-1825) mouse embryonal carcinoma cells were cultured in 

Mininum Essential Medium Alpha (αMEM, Gibco) with nuleosides. HEK293 (ATCC# CRL-

1573) and NTERA-2 (ATCC# CRL-1973) human cells were cultured in Dulbecco modified Eagle 

medium. All the media were supplemented with 10% fetal bovine serum, 2mM L-glutamine, 

100U/mL penicillin and 100μg/mL streptomycin. NTERA-2 neuronal differentiation was induced 

by treatment with 10
-5

 all-trans retinoic acid. Transfections were carried out by CaPO4 precipitation. 

In a typical experiment, P19 cells were transfected with 2,5-6 μg of reporter plasmid, 0,12-0,25 μg 

of expression construct and 0,1 μg of pCMV-β-Gal (Clontech) per 6cm dish. Cells were washed 

and 48 hours after transfection lysed and assayed for luciferase and β-galactosidase as described 

in (30). 

 

2.7. In ovo electroporation 

 Chicken eggs were incubated in a humidified incubator at 37°C. Embryos at stage HH10-12 

were injected and electroporated into the neural tube as described by (40) Construct 

concentrations were as follows: 1.0 μg/μL for pNASSβ::lacZ reporter construct and 0.5 μg/μL 
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for pCMV::eGFP, coinjected as positive control of electroporated tissues. Embryos were collected 

24 hrs after electroporation and subjected to β-galactosidase staining. 

 

2.8. siRNA depletion of CDX2  

 Three different small interfering RNA (siRNA) duplexes were designed targeting the human 

CDX2 mRNA (Stealth siRNA; Life Technologies). siRNA and CDX2 transfection were performed 

in induced NTERA-2(RA14) with 100nM RNAi duplexes using Lipofectamine 2000 (Invitrogen) 

according to the manufacturer instructions. CDX2 depletion and overexpression were verified by 

immunoblotting 48 h after siRNA transfection. Whole cell extracts were prepared through repeated 

freeze and thaw cycles and extraction in 10mM Hepes PH7.9, 100mM NaCl, 0,1mM EGTA, 5% 

glycerol and proteases and phosphatases inhibitors. Immunoblotting analyses were performed with 

anti-CDX2 antibody (Biogenex, cat#MU392A-UC clone Cdx2-88) and anti-α-Tubulin (Sigma, 

T6074, clone B-5-1-2). Protein expression in immunoblots was quantified using the ImageJ 

software. 

 

2.9. RNA extraction and miRNA RT-qPCR detection 

 Total RNA from dissected embryonic tissues or cultured cells was isolated by TRIzol 

(Invitrogen) according to the manufacturer instructions. Mature miR-196b and the endogenous 

control RNU6B (Suppl. Fig. 1B) were reverse transcribed and detected in qPCR with TaqMan® 

microRNA assays (Applied Biosystems). Real-time (qPCR) relative quantification was performed 

according to the ∆∆Ct method (41). Synthesis of cDNA was done starting from 3 μg of total RNA 

using M-MLV reverse transcriptase (Promega). Quantitative PCR was performed with the 

following oligonucleotides: hCDX2 F: 5’-GTGCTAAACCCCACCGTCAC-3’; hCDX2 R: 5’-

CTGAGGAGTCTAGCAGAGTC-3’; hACTB F: 5’-AGGCACCAGGGCGTGAT-3’; hACTB R: 5’-

GCCCACATAGGAATCCTTCTGAC-3’.  

 

Statistical analysis 

 Results are expressed as mean ± SEM from at least triplicate experiments. Statistical 

analyses were performed with GraphPad Prism version 5.0. In transfection experiments the non-

parametric Kruskal-Wallis with by Dunn’s post test were used. ChIP statistical analyses were 

performed with the Student’s t test. 
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3. RESULTS 

 

3.1. miR-196 displays a dynamic expression pattern along the anterior-posterior axis during chick 

embryogenesis 

 miR-196 expression during chick embryonic development was analysed by whole-mount in 

situ hybridisation (WISH) using a locked nucleic acid (LNA)-modified oligonucleotide probe 

(Exiqon). At Hamburger-Hamilton (HH) (33) stage HH17 miR-196 expression was relatively weak 

and confined to the caudal-most regions of the embryo within the neural tube and flanking tissue 

(Fig. 1 panels A and B). At HH stage 18, the expression of miR-196 was consistently increased and 

extended more anteriorly, with an expression boundary located posterior to the hindlimb buds (Fig. 

1 panels C and D). The maximal miR-196 expression levels were reached at HH stage 19, where 

miR-196 was uniformly expressed in the posterior chick embryo including the hind limbs (Fig. 1E 

and F). At this stage the anterior-most boundary of expression was found to lie within the posterior 

trunk, approximately at the level of somites 27-28. At later stages (HH 20-24) miR-196 expression 

remained high with an anterior boundary within the lumbar region (somites 27-28, at HH 24). At 

HH24, within the neural tube, the anterior expression boundary was consistently more rostral (by 

approx. 3-4 somites) than in the flanking tissues (Fig. 1 I and J). At this stage, a possible additional, 

weaker expression domain could be detected at the posterior margin of the forelimbs (Fig. 1 I and 

J). At HH stage 25 miR-196 expression was still elevated in the whole caudal portion of the embryo 

(Fig. 1 K and L). In conclusion, miR-196 expression revealed to be dynamic, both in time and 

spatial restriction, gradually increasing and extending towards more anterior territories from HH 

stage 17 onwards, to reach a peak of expression at stages HH 19-20. The posteriorly restricted 

expression of miR-196 overlaps the previously reported embryonic expression of 5'Hox genes in the 

neural tube and flanking tissues (reviewed in 10,13,42), and of Cdx2 (43). 

 miR-196b expression during mouse embryogenesis was analyzed using real-time reverse 

transcriptase PCR (qRT-PCR) on dissected embryos at different developmental stages (Suppl. Fig. 

1). At E8.5, the earliest stage analysed, expression was relatively low and confined to the posterior 

portion of the trunk. At later stages, miR-196b expression gradually increased, reaching its maximal 

expression at E10.5 in the posterior trunk (Suppl. Fig. 1). A low level of expression was observed 

also in the anterior trunk at E10.5 and at later stages (Suppl. Fig. 1). From E11.5 onwards the 

expression in the posterior trunk remained approximately constant up to stage E14.5 (Suppl. Fig. 1). 

These results parallel those obtained in chick embryos, confirming a dynamic, posteriorly-restricted 

expression of miR-196b. 
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3.2. The pri-miRNA giving rise to miR-196b is transcribed from an independent promoter located 

in the Hoxa10-Hoxa9 intergenic region 

 To characterise the murine primary miRNA (pri-miRNA) originating the mature miR-196b, 

we mapped its boundaries within the intergenic region between the Hoxa10 and Hoxa9 genes, 

located on chromosome 6, by 5' and 3' RACE (Fig. 2). Three different primers (5'GSP1, 5'GSP2, 

5'GSP3, Fig. 2A) allowed us to identify the pri-miR-196b transcription start site (TSS) at a distance 

of 260 bp from the polyadenylation signal of the Hoxa10 gene, and of ~780 bp from the mature 

miR-196b sequence (Fig. 2 and Suppl. Fig. 2). A putative TATA box (5'-TATATC-3', see Fig. 3B) 

was found to be located at 35 bp 5' from the mapped TSS, which itself is located within an Initiator 

sequence (5'-TCAGTT-3', Fig. 3B) (44). Finally, a CpG island was identified at 118 bp 3' to the 

TSS. 

 Similarly, the 3' end of the pri-miR-196b transcript was mapped, using two different primers 

(3'GSP1, 3'GSP2, Fig. 2 and Suppl. Fig. 2), and found to be located at a distance of ~920 bp from 

the Hoxa9 gene transcription start site (TSS). A canonical polyadenylation signal (5'-AATAAA-3') 

was identified in close proximity (19 bp) of the mapped transcript 3' end (Fig. 2 and Suppl. Fig. 2), 

hinting at a possible polyadenylation of the pri-miR-196b. Interestingly, a RIKEN cDNA clone 

(45), deposited in GeneBank (AK054058) (Fig. 3A), covers most of the length of the mapped 

transcript further supporting the existence of a long non-coding transcript representing the pri-miR-

196b. 

 These results suggest that miR-196b originates from a large 2671 bp transcript, starting 

within the Hoxa10-Hoxa9 intergenic region, which is not in physical continuity with either the 

Hoxa10 or Hoxa9 main primary transcripts (Fig. 3A). Our data also indicate that the pri-miR-196b 

is transcribed from an autonomous promoter, independent of the known Hoxa10 or Hoxa9 

promoters. 

 

3.3. The miR-196b promoter region contains potential responsive elements for Hox and/or Cdx 

proteins 

 To characterise the miR-196b promoter, and to identify possible relevant regulatory proteins 

controlling its activity, we performed an in silico analysis of 873 bp of the Hoxa10-Hoxa9 

intergenic region, spanning from the polyadenylation signal of Hoxa10 to the TSS of Hoxa9. 

Binding sites for 5' (posterior) Hox and Cdx proteins, as defined in (38) (5'-TTTTATTGG-3' and 5'-

TTT(T/A)ACGAG-3') and (46) (5'-A/CTTTATA/G-3'), were searched using the Matinspector 

software (47). We focused on 5' (posterior) Hox and Cdx proteins, as we hypothesized that these 

would negatively control the function of 3' located Hox gene products, via an indirect, post-
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transcriptional mechanism based on the activation of miR-196b expression. In parallel, we 

performed an interspecies comparison using the UCSC genome browser (48), as we reasoned that 

evolutionarily sequence conservation might highlight relevant regulatory elements. We could thus 

identify seven evolutionarily conserved putative binding sites for 5' (posterior) Hox proteins and/or 

for Cdx proteins (sites I to V, Fig. 3B) within a region of ~330 bp encompassing the pri-miR-196b 

TSS  (Fig. 3B). Of these sites IIb, IIIb, and IV showed full sequence conservation in all species 

analysed (Fig. 3B) whereas sites I, IIa, IIIa, and V showed a more limited conservation (Fig. 3B). 

 To test whether these sites could indeed bind 5' HOX proteins, we initially performed 

electrophoretic mobility shift assays (EMSAs) using the HOXD10, HOXD11, and HOXD13 

5'HOX proteins produced in rabbit reticulocyte lysates (RRLs) (Fig. 4A). Of the five potential 

binding sites tested, sites IIIab and IV were bound strongly by HOXD10 and HOXD11, and to a 

lesser extent by HOXD13, whereas site IIab was bound weakly by all the three HOX proteins 

tested. Sites I and V showed no or only barely detectable binding (Fig. 4A). We next tested for 

binding of the CDX2 protein, a member of the CDX ParaHox family of transcription factors. CDX2 

also showed a distinct preference for site IV (Fig. 4B) and a weak binding to site IIab (Fig. 4B). 

The binding of CDX2 to site IV was also verified in EMSAs using nuclear extracts from HEK293 

cells (Fig. 4), a cell line which was found to endogenously express CDX2 (data not shown) and 

miR-196b (Fig. 4D). A retarded band, comigrating with the CDX2 shifted complex observed using 

RRL, was detected in HEK293 cells nuclear extract (Fig. 4C, lane 3). This complex was 

outcompeted by a molar excess of unlabelled site IV oligonucleotide probe (Fig. 4C, lane 5), but 

was not affected by a molar excess of unlabelled mutated site IV oligonucleotide (Fig. 4C, lane 6). 

A specific anti-CDX2 antibody (Biogenex) was able to supershift the CDX2 retarded band (Fig. 

4C, lane 4), whereas the addition of the available anti-HOXA9, anti-HOXD10, or anti-HOXD11 

antibodies did not alter CDX2 binding (Fig. 4C, lanes 7-9). Anti-HOXA9 addition led to the 

disruption of a faster migrating complex (Fig. 4C, lane 7), indicating a weak binding of HOXA9 

and/or of a paralogy group 9 HOX protein to site IV. 

 To verify whether the sites identified via in silico analysis are indeed required for the 

observed binding by the HOXD10, HOXD11, HOXD13, and CDX2 proteins, we tested in EMSAs 

mutant derivatives (see Materials and Methods) of the oligonucleotide probes representing sites II 

to IV (Suppl. Figs. 4, 5, and 6). While the mutation of site IIa did not affect the binding by 

HOXD10, HOXD11, HOXD13, and CDX2 (Suppl. Fig. 4A, B, C, and D, lanes 3), the mutation of 

site IIb abolished the binding by all proteins tested (Suppl. Fig. 4A, B, C, and D, lanes 6). The 

mutation of site IIIa led to a substantial reduction of the binding by HOXD10, HOXD11, and 

HOXD13 (Suppl. Fig. 5A, B, C, and D, lanes 3). The mutation of site IIIb, conversely, did not 



14 

significantly affect the binding by HOXD10 and HOXD13, while the binding by HOXD11 was 

reduced (Suppl. Fig. 5A, B, C, and D, lanes 6). Finally, the mutation of site IV completely 

abolished the binding by HOXD10, HOXD11, HOXD13, and CDX2 (Suppl. Fig. 6A, B, C, and D, 

lanes 3). 

 These results show that the 330 bp region encompassing the pri-miR-196b TSS contains 

several potential 5'HOX and CDX binding sites of which only one, site IV, is strongly bound in 

vitro by both 5' HOX proteins and CDX2.  

 A sequence alignment between the mouse pri-miR-196b promoter region and the 

corresponding region of the paralogous miR-196a-2 locus within the HOXC cluster on mouse 

chromosome 15 revealed a conservation of binding sites IIIa, IIIb, and IV and of the putative 

TATA box (Suppl. Fig. 3) together with their relative spacing, suggesting the evolutionary 

conservation of these relevant regulatory elements following the major genome duplication events 

that led to the formation of the HOXA and HOXC clusters (49). In addition, this finding suggests 

that the expression of miR-196b and its paralog miR-196a-2 might be regulated in concert by the 

same upstream transcription factors. Interestingly, no obvious sequence conservation was detected 

analyzing the genomic region upstream to the paralogous miR-196a-1 locus located within the 

HOXB cluster on chromosome 11, leaving its transcriptional layout and regulation still an open 

question. 

 

3.4. Cdx2 and Hoxd13 bind the pri-miR-196b promoter region in vivo, during embryogenesis 

 We next tested, using in vivo chromatin crosslinking and immunoprecipitation (ChIP), 

whether we could identify, during embryogenesis when miR-196b is maximally expressed, the 

canonical epigenetic hallmarks of promoter activity and the binding of 5' HOX and/or CDX within 

the genomic region encompassing the TSS. To this end, we prepared crosslinked chromatin from 

E10 mouse embryos, a stage comparable to HH stage 21 in chick (50) when miR-196b is highly 

expressed (see also 51). E10 mouse embryos were dissected to obtain chromatin from anterior 

regions (including hind-, mid-, and fore-brain) and from posterior ones (including posterior trunk, 

hindlimbs and tail) (Fig. 5A). Immunoprecipitations were performed using specific antibodies 

against trimethylated lysine 4 of histone H3 (me3K4), acetylated lysine 27 of histone H3 (AcK27), 

and trimethylated lysine 27 of histone H3 (me3K27) (Abcam). The first two modifications 

represent hallmarks of transcriptionally active promoters, with me3K4 usually found at 

transcriptional start sites, whereas the latter modification is characteristic of transcriptionally silent 

regions (52-54). The immunoprecipitated chromatin associated DNA was assayed for enrichment of 

specific sequences by real-time PCR (qPCR) analysis. Three primer sets were used, one amplifying 
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a fragment located close to the TSS, another amplifying a control region located within the first 

intron of the Hoxa9 gene, and a third one amplifying a fragment located within a chromosome 6 

gene desert ~75 Mb 3' from the TSS of miR-196b (Fig. 5A). Substantial enrichments of the miR-

196b promoter region were observed with the anti-me3K4 and anti-AcK27 in chromatin extracted 

from the tail region (Fig. 5B, left panel), whereas considerably lower enrichments were observed in 

chromatin derived from the anterior portion of the embryo (Fig. 5B, right panel). Conversely, a 

significant enrichment was observed using anti-me3K27 only in chromatin from the anterior E10 

embryo (Fig. 5B, right panel). No, or only comparably low enrichments of the gene desert fragment 

were observed with all three antibodies (Fig. 5B). These data confirm that the identified pri-miR-

196b promoter region carries the hallmarks of a transcriptionally active promoter region in the 

posterior part of E10 mouse embryos, i. e. where and when miR-196b is maximally expressed. 

 We then analysed by ChIP the binding in vivo, in mouse embryos, of select 5' Hox proteins 

and of the Cdx2 transcription factor. Out of four different 5' Hox proteins (Hoxa9, Hoxd10, 

Hoxd11, Hoxd13), for which specific, ChIP-grade antibodies were available, only Hoxd13 showed 

an appreciable binding to the pri-miR-196b promoter region in E10 embryo trunk chromatin (Fig. 

5C, left panel). Similarly, Cdx2 was found to bind the pri-miR-196b promoter region selectively in 

E10 embryonic posterior trunk chromatin (Fig. 5C, left panel). No significant binding by 5' Hox or 

Cdx2 was observed at the pri-miR-196b promoter region in E10 head chromatin (Fig. 5C, right 

panel), and both in head and trunk E10 chromatin at the control genomic region (Fig. 5C right and 

left panels, respectively). At a later stage, in E13.5 embryonic trunk chromatin, Cdx2 binding to the 

pri-miR-196b promoter region was considerably reduced, whereas Hoxd13 binding was unchanged 

(Fig. 5D).  

 Thus, among the homeodomain proteins that were found in EMSAs to be potentially 

capable of binding individual sites within the pri-miR-196b putative promoter, Cdx2 and Hoxd13 

were found to actually bind it in vivo, during mouse development. These data hence establish Cdx2 

and Hoxd13 as possible regulators of miR-196b expression during embryogenesis. 

 

3.5. The miR-196b promoter region is capable of driving expression in the chick embryo neural 

tube 

 To verify whether the identified pri-miR-196b promoter regulatory elements were sufficient 

and necessary to recapitulate the embryonic expression pattern of miR-196b, we carried out in ovo 

electroporation of chick embryos (40) as this represents a profitable system to rapidly characterise 

conserved transcriptional regulatory regions. Four different reporter constructs were generated 

driving the lacZ reporter gene (Fig. 6). The p196b(-249;+624)WT reporter contains a ~870 bp 
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genomic region spanning the TSS of pri-miR-196b (see also Fig. 3B) and comprises all five 

analysed binding sites (I-V), the p196b(-171;+508) reporter contains a deletion of 77 bp 5' to the 

TSS and of 116 bp 3' to it, the p196b(-249;+624)MUT3/4 reporter represents the entire 870 bp 

promoter region carrying DNA-binding disrupting mutations within sites IIIab and IV, and finally, 

the p196b(-249;+624)INV reporter represents a control construct containing the whole promoter 

region in inverted orientation (Fig. 6). Stage HH 10 chick embryos were co-electroporated in ovo 

with the indicated reporter constructs and with a GFP control construct (pCMV::eGFP Fig. 6A). 

The expression of the reporter gene was monitored 24 hours after electroporation (at stage HH 17-

19). 

 Expression of the p196b(-249;+624)WT lacZ reporter was consistently detected in GFP 

positive stage HH19 chick embryos in neuroepithelial cells of the neural tube, and showed 

reproducibly an anterior expression front reaching approximately somites 23-24 (Fig. 6, panels B 

and C). The p196b(-171;+508) reporter also displayed with high frequency an expression pattern 

within the neural tube that was superimposable to that of p196b(-249;+624)WT. Conversely, both 

the p196b(-249;+624)MUT3/4 and the p196b(-249;+624)INV reporters showed little or no 

expression in the neural tube, respectively (Fig. 6, panels E and F). The results are summarized as a 

graph in Fig. 6 (panel G). 

 Overall, these data indicate that a ~680 bp genomic region spanning the TSS of pri-miR-

196b is sufficient to recapitulate the neural tube expression pattern of miR-196 and that either 

5'HOX/CDX binding site IIIab or site IV, or both, are necessary for driving miR-196b transcription 

in the neural tube. 

 

3.6. CDX2 and 5' HOX proteins but not 3' HOX proteins activate transcription from the pri-miR-

196b promoter region 

 To assess whether CDX2 and 5' HOX proteins could indeed regulate transcription from the 

pri-miR-196b promoter, we generated a luciferase reporter construct, p196b(-249;+624), containing 

the pri-miR-196b promoter region tested in chick embryos. P19 cells were transiently co-

transfected with p196b(-249;+624) or with the pLuc control reporter construct, together with 

increasing amounts of HOXA9, HOXD10, HOXD11, HOXD13, or CDX2 expression constructs 

(Fig. 7A). All tested 5' HOX proteins could efficiently activate the basal activity of the p196b(-

249;+624) reporter, whereas no or only a marginal activation was observed on the control reporter 

(Fig. 7A). Similarly, CDX2 co-expression led to a significant increase of the p196b(-249;+624) 

reporter activity (Fig. 7A). We next tested whether two 3' HOX proteins, HOXD8 and HOXB1, 

could activate transcription from the pri-miR-196b promoter. Neither HOXD8 nor HOXB1 if co-



17 

expressed with the p196b(-249;+624) reporter could significantly activate its transcription (Fig. 

7A). As 3' located HOX proteins usually require the presence of a Pbx-family co-factor for their 

optimal transcriptional activation (29,55,56), we also tested the effect of HOXB1 on the p196b(-

249;+624) reporter in the presence of PBX1. As a control PBX1 was also co-expressed with 

HOXA9 (Fig. 7B). While the co-expression of PBX1 with HOXA9 led only to a modest increase in 

the activation of p196b(-249;+624) (Fig. 7B), but not of the mutated versions of p196b(-249;+624) 

(Suppl. Fig. 8A), the co-expression of HOXB1 and PBX1 did not significantly alter the reporter 

basal activity, indicating that the lack of transcriptional activity of HOXB1 on the pri-miR-196b 

promoter did not depend on the absence of co-expressed HOX co-factors. Taken together these data 

show that of the HOX proteins tested only AbdB-related 5'Hox proved to be able to transactivate 

the pri-miR-196b promoter, whereas HOX proteins from loci located 3' to that of miR-196 did not 

regulate its transcription in transient transcription assays. 

 We also generated luciferase reporter constructs containing mutated derivatives of the pri-

miR-196b promoter. The p196b(-249;+624)M3, p196b(-249;+624)M4, and p196b(-249;+624)M3/4 

reporter constructs contain mutations of site IIIab, site IV, and of both sites IIIab and IV, 

respectively (Suppl. Fig. 7), while p196b(-171;+508) represents a deletion mutant of both a 77 bp 

region 5' to the TSS, containing sites I and II, and a region of 116 bp 3' to the TSS (Suppl. Fig. 7). 

P19 cells were transiently transfected with the mutant reporter constructs together with increasing 

amounts of the CDX2 or HOXD13 expression constructs. The p196b(-171;+508) reporter showed 

only a moderate reduction in transcriptional activation by CDX2 with respect to its wild type 

counterpart (Fig. 8). Similarly, only a slight reduction in luciferase activity was observed with 

p196b(-249;+624)M3 upon CDX2 expression. Instead, a substantial decrease of transactivation by 

CDX2 was observed with p196b(-249;+624)M4 or p196b(-249;+624)M3/4 (Fig. 8), indicating that 

site IV is the principal CDX2 responsive element within the pri-miR-196b promoter. 

Transactivation of the pri-miR-196b promoter by 5' HOX proteins, conversely, revealed to require 

generally more than a single binding site. For instance, HOXA9, HOXD10, HOXD11, or HOXD13 

upregulation of both the p196b(-249;+624)M3 and the p196b(-249;+624)M4 mutated reporter 

constructs was considerably lower than that of their wild type counterpart (p196b(-249;+624)). And 

the p196b(-171;+508) deletion mutant could not be fully transactivated by HOXA9, HOXD11, and 

HOXD13 (Fig. 8 and Suppl. Fig. 8). 

 Taken together these results establish that the evolutionarily conserved sites within the pri-

miR-196b promoter are relevant for mediating transcriptional control by the CDX2 and 5' HOX 

proteins. In particular, CDX2 as opposed to 5'HOX proteins revealed to require selectively site IV 

for regulating pri-miR-196b transcription. 
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3.7. Cdx2 expression is required for endogenous miR-196b transcription 

 As Cdx2 proved to efficiently transactivate the pri-miR-196b promoter in transient 

transfection assays, we next tested whether its loss-of-function would affect the expression of 

endogenous miR-196b. To this end we took advantage of NTERA-2 human pluripotent embryonal 

carcinoma (EC) cells (57), which we found to express both CDX2 and miR-196b after their 

induction with retinoic acid (RA) to differentiate into a neuronal cell fate (Fig. 9A and B). NTERA-

2 cells, which did not express CDX2 in their undifferentiated state, showed an increase in CDX2 

expression after 14 days of 10
-5

M RA treatment, which reached its peak after 21 days of RA 

induction (Fig. 9B). Similarly, miR-196b, which was also not expressed in undifferentiated 

NTERA-2, was maximally expressed after 14 days of RA treatment (Fig. 9B). 

 We knocked-down the expression of CDX2 by RNA interference using three different 

siRNAs (see Methods). CDX2 protein levels in 14d RA-treated NTERA-2 cells were markedly 

reduced by all of the transfected siRNAs (-60%, -54% and -77%, respectively) (Fig. 9C, top left 

panel). CDX2 protein decrease correlated with a reduction of mature miR-196b transcript levels by 

~40% (Fig. 9C right panel). We then tested whether the gain-of-function of Cdx2 would cause an 

increase in endogenous miR-196b expression. Cdx2 was overexpressed by transfecting increasing 

amounts of a Cdx2 expression construct in 14d RA-treated NTERA-2 cells (Fig. 9C, left bottom 

panel). The enforced exogenous expression of Cdx2 was associated with an increase of endogenous 

miR-196b transcript levels proportional to the amount of Cdx2 produced (Fig. 9C, right and left 

panels). Taken together these results support the conclusion that Cdx2 is a major regulator of miR-

196b expression in this cell context. 
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4. DISCUSSION 

 

 miRNAs embedded within the four HOX gene clusters play relevant roles in embryonic 

development and cancer pathogenesis (6,7). The transcriptional mechanisms controlling their 

expression, however, are still largely uncharacterised. We focused on the miR-196b locus, as it is 

located in an evolutionarily highly conserved region between Hoxa9 and Hoxa10 on mouse 

chromosome 6, and, according to available mouse EST clones, it appeared to originate from a long 

non-coding transcript starting from the Hoxa10-Hoxa9 intergenic region. In this work, we establish 

by 5' and 3' RACE mapping that the mature miR-196b originates from a large, 2671 bp long, 

primary, non-coding transcript (pri-miR-196b), which starts within a TATA box promoter located 

at 260 bp 3' from the Hoxa10 polyadenylation signal. In accordance with the assumption that the 

identified transcription start site (TSS) represents the bona fide core promoter of pri-miR-196b, we 

found in its vicinity by ChIP a significant enrichment for H3K4me3, a canonical epigenetic 

hallmark of active promoters (52). Furthermore, a genomic region of ~680 bp, comprising the 

identified pri-miR-196b TSS and two evolutionarily conserved 5'Hox/Cdx binding sites, proved by 

in ovo electroporation to be sufficient to generate an expression pattern within the chick embryo 

neural tube that closely recapitulates the developmental expression pattern of miR-196b. Thus, 

although it cannot be excluded that a larger read-through transcript(s) may exist, comprising the 

miR-196b locus and the adjacent Hoxa10 and/or Hoxa9 loci (see e. g. 58,59), our results are 

consistent with the conclusion that pri-miR-196b is transcribed from an autonomous promoter, 

independent of the characterised Hoxa10 or Hoxa9 promoters. 

 While Hox-embedded miRNAs are generally held to be expressed co-ordinately both in 

space and time with their adjacent Hox genes, this notion is not always supported by experimental 

evidence. Indeed, miR-196a-1 a paralog of miR-196b has been shown to have a more restricted 

spatial expression pattern with respect to its neighbouring gene, Hoxb9. And in general, miR-196 

genes appear to have a more posteriorly restricted boundary of expression that the adjacent Hox9-

paralogy group genes (9,60). This suggests that miR-196 family members may not be simply 

regulated by promoters and regulatory elements belonging to adjacent Hox genes. 

 Our findings show a dynamic expression of miR-196 during chick embryogenesis, starting 

at early stages in the most posterior portion of the embryonic anterior-posterior axis, and reaching 

its maximal anterior extension at HH stage 19-20. The miR-196 posteriorly-restricted expression 

pattern observed in chick development closely matches the patterns of miR-196 expression reported 

during mouse, X. laevis, and zebrafish embryogenesis as determined by WISH and/or by using 

miRNA-responsive sensor transgenes (9,23,27,61). This tempted to speculate that the 

transcriptional regulatory mechanisms driving miR-196 expression, and hence the physical 
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elements they depend on, are evolutionarily conserved. We could indeed identify a number of 

conserved putative 5'Hox or Cdx transcription factor binding sites within the region spanning the 

Hoxa10-Hoxa9 intergenic region and encompassing the pri-miR-196b TSS, some of which we 

found to be able to bind both 5'Hox proteins and Cdx2 in vitro. Of these, three binding sites located 

in proximity to the pri-miR-196b TSS (site IIIab and IV), proved to be critical for pri-miR-196b 

expression in vivo. Their combined mutation caused the complete loss of a reporter construct 

expression within the neural tube in electroporated chick embryos. Similarly, in cultured cells, 

mutation of site IIIab and IV, led to a substantial reduction of the transcriptional activation of the 

miR-196b promoter by 5'Hox and Cdx2 gene products. Our results thus implicate both 5'Hox and 

Cdx2 in the control of pri-miR-196b expression. Cdx2 was indeed found to be necessary for the 

optimal expression of endogenous miR-196b in human NTERA-2 EC cells, which, upon retinoic 

acid induction, express CDX2 but only some 5'Hox (62), thus establishing Cdx2 as a regulator of 

miR-196b expression in this cell context. 

 Single mutations of either site IIIab or site IV showed that transcriptional activation by 

5'Hox proteins (HOXA9, HOXD10, HOXD11, and HOXD13) was affected equally well by site 

IIIab or site IV mutation, while Cdx2-mediated transactivation was significantly impaired only by 

site IV mutation. These results correlate with our EMSA experiments showing that 5'Hox bind both 

site IIIab and IV, whereas Cdx2 binds strongly to site IV and only barely to site IIIab. Thus, among 

the identified conserved binding sites, site IV can be bona fide considered as both a CDRE (Cdx 

responsive element) as well as a 5'Hox responsive element. The fact that the miR-196b promoter 

can be bound both by 5'Hox and Cdx proteins would suggest a possible competition or sequentiality 

in vivo between these transcription factors for its regulation. Indeed, in vivo, selectively in the 

caudal portion of mouse embryos, the promoter region including site IV was bound at stage E10, 

both by the Cdx2 protein and by the Hoxd13 5'Hox protein. At E13.5, binding of Cdx2 was 

essentially undetectable, whereas binding of Hoxd13 persisted, prompting to speculate that at this 

stage the control of miR-196b expression is taken over by paralogy group (PG) 13 Hox proteins. 

 Regulation of miR-196b expression potentially by both 5'Hox and by Cdx gene products 

could point to different roles played by this miRNA, pertaining to different phases of anterior-

posterior (A-P) axis formation and patterning during embryogenesis. Cdx genes have been shown to 

be crucial for posterior elongation of the main body axis during mouse development (20,21,63-65). 

Human and mouse genomes contain three paralogous members of the Cdx gene family of ParaHox 

transcription factors, Cdx1, Cdx2, and Cdx4 (17). While all Cdx genes participate in the posterior 

extension of the A-P axis, Cdx2 plays a primary role in this process, as Cdx2 conditional, epiblast 

restricted mutant mice are posteriorly truncated, lack axial tissues posterior to the forelimbs, and die 
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in utero at E10.5 (63). Similarly, Cdx2
+/-

;Cdx4
-/-

 mice fail to develop caudal body regions posterior 

the hindlimbs, and axial extension prematurely terminates at ~E10.5 (21). Cdx genes have been 

shown to act downstream of Fgf signalling to regulate 5' Hox genes in posterior embryo regions 

during the specification of regional identities along the A-P axis (18,19). The gain of function of 

"central" Hox genes, such as Hoxb8 and Hoxa5, expressed in developing trunk regions of the 

mouse embryo, has been shown to rescue the phenotype produced by Cdx gene mutation (21). 

Conversely, "posterior", 5' Hox genes belonging to PG 13, such as Hoxa13, Hoxb13, and Hoxc13, 

have been shown to prematurely arrest axial elongation if expressed precociously, recapitulating the 

defects observed in Cdx mutant embryos (21). These observations led to the conclusion that Cdx 

and "trunk" Hox genes promote posterior extension of axial structures by sustaining the growth of 

progenitor cells within axial tissues. This process would last in time until the onset of "posterior", 5' 

Hox gene expression. The gene products of 5' Hox, in particular of PG 13 Hox, would then exert 

their functional dominance over more anteriorly-expressed, more 3' located, "trunk" Hox proteins to 

arrest axial extension (see 21). 

 In this scenario, the binding and activation of the pri-miR-196b promoter by Cdx and by 5' 

Hox genes could reflect different roles in time played by miR-196b in dampening "trunk" Hox gene 

product expression. During the Cdx-controlled phase of axis formation and elongation regulation of 

miR-196b expression by Cdx would play a role in the fine-tuning of trunk "central" Hox gene 

product levels. In the subsequent, 5'Hox-controlled phase of axis extension termination, the 

regulation of miR-196b by 5'Hox would play a role in reinforcing the dominant competition, or 

"posterior prevalence" (see below), of these on trunk, "central" Hox gene activity by contributing to 

the clearance of their gene products. Intriguingly, transcription of Cdx2 was not significantly 

reduced in mice precociously expressing PG13 Hox genes, pointing to possible post-transcriptional 

mechanisms in the interference by PG13 5' Hox on Cdx and/or "central" Hox gene function (21). 

 5'Hox proteins are known to exert a functional dominant role over more "anterior", 3'Hox 

proteins in body regions in which these are co-expressed, an activity that is known under the name 

of "posterior prevalence" (66-68). Much has been speculated on the mechanism(s) underlying this 

feature of the Hox gene products, including the possible intervention of Hox cluster-embedded 

miRNAs. This latter assumption stems from the observation that Hox-embedded miRNAs 

preferentially target transcripts originating from Hox genes located 3' to the miRNA loci, while 

leaving 5' Hox unaffected (see 10). Thus, Hox-embedded miRNAs would act as mediators of 

posterior prevalence by selectively quenching the amounts of "anterior" Hox gene products, hence 

their function, in posterior body regions. In this context, our findings, showing binding in vivo 

during embryogenesis and transcriptional regulation of the miR-196b promoter by 5'Hox proteins, 
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prompt to speculate that these could employ miR-196 family members, by activating their 

transcription, to control post-transcriptionally the protein levels of "anterior" 3'Hox, within 

posterior body regions in which they are co-expressed. Further work will be required to validate 

this hypothesis. 

 In conclusion, the results described in this paper establish an essential role for Cdx2 and 

5'Hox responsive elements within the pri-miR-196b promoter region for the developmental 

expression of miR-196, with possible implications in understanding the misregulation of miR-196 

expression in tumorigenesis as Cdx and Hox genes are also involved in cancer pathogenesis. 
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7. LEGENDS TO FIGURES 

 

 Fig. 1. Temporal and spatial expression pattern of miR-196 in chick embryos. Expression of 

miR-196 was assessed by whole-mount in situ hybridization (WISH). Mature microRNA 

expression was detected with a digoxigenin-labelled, LNA-modified probe (Exiqon) revealing all 

three miR-196 family members in chicken (miR-196-1, miR-196-2, miR-196-3, corresponding to 

miR-196a-1, miR-196b, and miR-196a-2, respectively, in human and mouse). Their expression was 

analysed during in ovo development at the Hamburger-Hamilton stages (HH) indicated in the 

panels (A-L). For each stage the left panel shows the dorsal view, the right panel the lateral one. 

For each stage 10-12 embryos were analysed, the presented embryos exemplify the obtained 

expression patterns. Black arrowheads represent the anterior boundary of miR-196 expression. 

 

 Fig. 2. Identification of primary miR-196b 5’ and 3’ ends. Schematic representation of the 

mouse Hoxa9-Hoxa10 genomic region. The Hoxa10 and Hoxa9 genes from their TSSs (+1) to their 

poly-A sequences are represented as grey block arrows. A black block arrowhead indicates the 

miR-196b pre-miR sequence, located between Hoxa9 and Hoxa10. The indicated miR-196b TSS 

and poly-A sequence were identified using 5’- and 3’-RACE, respectively. The resulting primary 

transcript (pri-miR-196b) and the mRNAs of neighbouring Hox genes are indicated on top. Primers 

used in the PCRs are indicated at the bottom. GSP, Gene Specific Primer. 

 

 Fig. 3. The region upstream to the miR-196b gene contains putative 5’HOX/CDX2 binding 

sites. (A) Alignment of pri-miR-196b and of its 5’ promoter region to Chr.6 52231000-52227500 

mouse genomic sequence was performed using the UCSC Genome Browser. UCSC genes, mouse 

mRNA, CpG islands and conservation tracks are shown in dense mode, with each item displayed 

separately, as indicated on the right. mRNAs are transcribed from left to right. The highest degree 

of conservation is found within a region of ~300bp located upstream from the transcription start site 

and in close proximity to the pre-miR-196b sequence. (B) Sequence comparison of the miR-196b 

promoter region in reference species was performed using the Clustal-Omega software. Seven 

different putative 5’HOX/CDX2 binding sites (boxed) were identified using the MatInspector 

software. Grey boxes highlight a canonical TATA box and an Initiator element. A black arrow 

indicates the mouse TSS, small boxes surmounted by an asterisk indicate the human TSSs. A 

previously mapped mouse CpG island is indicated by a grey rectangle. 

 

 Fig. 4. 5' HOX and CDX2 bind in vitro to the miR-196b promoter region. (A, B) EMSAs 

using oligonucleotides corresponding to sites I-V of the miR-196b promoter region and the 
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indicated in vitro transcribed/translated proteins. The amount of reticulocyte lysate in each binding 

reaction was adjusted to normalize for translated protein content. (RRL=empty rabbit reticulocyte 

lysate). (C) EMSA using a site IV oligonucleotide. Nuclear extracts (10 g) prepared from 

HEK293, cells expressing CDX2 and all the analyzed 5’HOX proteins, led to the formation of four 

retarded bands. Black arrowheads indicate specific bands; asterisks point out non-specific bands. A 

specific band, comigrating with in vitro synthesized CDX2 (lane 1) was supershifted by an anti-

Cdx2 antibody (white arrowhead). C2= Cdx2 antibody; A9, D10, D11 indicate antibodies against 

HOXA9, HOXD10 and HOXD11, respectively. WT= 500-fold excess of wild-type unlabelled 

competitor; MUT= 500-fold excess of unlabelled competitor carrying a mutation of the TTTATG 

sequence (site IVMUT see Materials and Methods). (D) miR-196b levels detected by qRT-PCR in 

total RNA from NTERA2, P19, and HEK293 cells. Expression levels were calculated according to 

the ∆∆Ct method using RNU6B as a reference gene. 

 

 Fig. 5. 5’HOX and CDX2 bind in vivo to the miR-196b promoter. (A) Representative mouse 

embryo with boxes indicating the dissected portions used to prepare chromatin for ChIP assays. 

Schematic representation of the murine chromosome 6 region encompassing the miR-196b locus, 

showing the primer set amplifying the miR-196b promoter region and two alternative negative 

control regions, one located within the intron of Hoxa9 (CTRL 1), and the other within a gene 

desert located ~70Mb 3' to the miR-196b locus (CTRL 2). (B, C, D) ChIPs on mouse embryo 

chromatin were performed with anti-me3K4, anti-me3K27, anti-AcK27 antibodies (B), or with 

anti-HOXA9, anti-HOXD10, anti-HOXD11, anti-HOXD13, and anti-CDX2 antibodies (C). (CA) 

Control antibody. IP enrichments were analysed by qPCR using oligonucleotides amplifying the 

three regions indicated. Dark grey bars represent the binding on the miR-196b promoter region, 

whereas light grey bars represent the enrichment on the two respective control regions. Bars 

represent the IP/INPUT ratio ±SEM of at least three independent experiments. An asterisk 

represents p < 0.05. 

 

 Fig. 6. The miR-196b promoter region recapitulates in vivo the endogenous miR-196b 

expression pattern. Chicken embryos were electroporated at HH10 stage and collected 24h later. A 

CMV-driven GFP construct was always co-electroporated as a positive control and only embryos 

showing labelling in the whole neural tube (as shown in A) were considered in the analysis and 

subjected to β-galactosidase staining. Lateral (B), and dorsal (C) views of embryos electroporated 

with the miR-196b promoter region (p196b(-249;+624)WT). (D), Embryos electroporated with a 

construct, p196b(-171;+508), carrying only the central portion of the promoter. Embryos injected 
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with mutant constructs, p196b(-249;+624)M3/4 (E), and p196b(-249;+624)INV (F), displayed no 

staining. The electroporated constructs are indicated under the respective panels. (G), 

Electroporation results are summarized in a stacked column chart. Expressing embryos are 

represented as percentage of the total number of analysed embryos (n= 30 for the wild-type 

construct, n=26 for p196b(-171;+508), and n=20 for the each of the promoter mutants). Expressing 

embryos were classified in three categories according to staining levels: strong, medium and 

weak/no expression. 

 

 Fig. 7. CDX2 and 5' HOX proteins activate transcription from the pri-miR-196b promoter 

region. Luciferase activities assayed in cell extracts of P19 murine cells, transiently transfected with 

the empty, pLuc (light grey) or the p196b(-249;+624) reporter constructs (dark grey), together with 

increasing amounts (0,12-0,25 g) of expression constructs for the indicated HOX and CDX2 

proteins. (A) HOXA9, HOXD10, HOXD11 and HOXD13 were tested as representative members 

of the 5' or "posterior" subclass of HOX proteins; HOXB1 and HOXD8 as representative members 

of "anterior" and "central" HOX proteins, respectively. (B) Fixed amounts of HOXA9 and HOXB1 

(0.12 g) were co-transfected together with a increasing amounts (0,25-0.5 g) of a construct 

expressing their cofactor PBX1a. Bars represent the mean luciferase activity±SEM of at least three 

independent experiments. * = p < 0,05, ** = p < 0,005, *** = p < 0,001, NS = not statistically 

significant. 

 

 Fig. 8. Central portion of miR-196b promoter is crucial for HOX/CDX transactivation. 

Luciferase activities assayed in cell extracts of P19 murine cells, transiently transfected with 

increasing amounts (0,12-0,25 g) of the expression constructs for CDX2 (A), HOXA9 (B) or 

HOXD10 (C), together with a fixed amount of empty (light grey) and wild-type or mutant reporter 

constructs (dark grey) carrying the pri-miR-196b promoter sequence. A schematic representation of 

the transfected constructs is shown in Suppl. Fig. 7. Bars represent the mean luciferase 

activity±SEM of at least three independent experiments. * = p < 0,05, ** = p < 0,005. 

 

 Fig. 9 Cdx2 expression affects miR-196b transcription. NTERA-2 human EC cells were 

induced to differentiate towards a neural fate by 10
-5

M all-trans retinoic acid (RA) treatment. (A) 

Immunoblotting of Cdx2 expression using anti-Cdx2 antibodies (Biogenex) of whole-cell extracts 

from untreated (-) or RA-treated (7, 14, 21 days) NTERA-2 cells. (B) miR-196b and CDX2 mRNA 

levels detected by qRT-PCR in total RNA from NTERA-2 cells. Expression levels were calculated 

according to the ∆∆Ct method using RNU6B and actin as reference genes, respectively, and using 

untreated NTERA-2 cells as calibrator. (C) Top left, immunoblotting of Cdx2 expression after 
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transfection of NTERA-2 cells treated with RA for 14 days with three different siRNA, or with the 

control scrambled siRNA (SCR). (NT) Non-transfected cells. Bottom left, immunoblotting to detect 

Cdx2 protein levels on whole-cell extracts from 14d RA-treated NTERA-2 cells transfected with 

increasing amounts of a Cdx2 expression construct. Right panel, miR-196b expression assayed by 

qRT-PCR in total RNA from siRNA-transfected or Cdx2-overexpressing NTERA-2 cells. 

Expression levels were calculated according to the ∆∆Ct method using RNU6B as a reference gene 

and using nontransfected induced NTERA-2(RA-14d) cells as calibrator. Anti-Tubulin antibodies 

were used in all immunoblottings as a loading control. 
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LEGENDS TO SUPPLEMENTAL FIGURES 

 

Suppl. Fig. 1. (A) Mature miR-196b expression detected by qRT-PCR in total RNA extracted from 

whole embryo (W) or from tissues dissected from head (H), anterior (AT) or posterior trunk (PT) of 

mouse embryos at the indicated stages of development. miR-196b expression was normalized using 

the small RNA RNU6B as a reference endogenous control. (B) Expression profile of the internal 

reference control RNU6B in the tissues and stages analysed showing its constancy. 

 

Suppl. Fig. 2. Sequencing products of 5’ and 3’ RACE are shown on left and right, respectively. 

Black arrows indicate TSS and 3' end of transcripts. Two alternative TSSs for pre-miR-196b were 

discovered in humans (termed I and II). 

 

Suppl. Fig. 3. Nucleotide sequence comparison of the pri-miR-196b and pri-miR-196a2 promoter 

regions in the mouse genome was performed using the Clustal-Omega software. The putative 

5’HOX/CDX2 binding sites termed IIIa and IV display a high degree of conservation in mouse. 

Concomitantly, a canonical TATA box is located at the same relative position in the genome. No 

initiator element was detected in pri-miR-196a2 promoter region. The conservation of these 

elements is highlighted by black rectangles. 

 

Suppl. Fig. 4. EMSAs using oligonucleotides corresponding to site IIab (SITE II WT) and to its 

derivatives carrying single or compound mutations of sites IIa and IIb (MUT IIa, MUT IIb, and 

MUT IIab), together with the indicated in vitro transcribed/translated proteins. The amount of 

reticulocyte lysate in each binding reaction was adjusted to normalize for translated protein content. 

(RRL=empty rabbit reticulocyte lysate). An arrowhead indicates the specific retarded complex, 

asterisks indicate non-specific bands. 

 

Suppl. Fig. 5. EMSAs using oligonucleotides corresponding to site IIIab (SITE III WT) and to its 

derivatives, carrying single or compound mutations of sites IIIa and IIIb (MUT IIIa, MUT IIIb, and 

MUT IIIab), together with the indicated in vitro transcribed/translated proteins. The amount of 

reticulocyte lysate in each binding reaction was adjusted to normalize for translated protein content. 

(RRL=empty rabbit reticulocyte lysate). An arrowhead indicates the specific retarded complex, 

asterisks indicate non-specific bands. 
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Suppl. Fig. 6. EMSAs using oligonucleotides corresponding to site IV (SITE IV WT) and to its 

derivative, carrying a mutation within sites IV (MUT IV), together with the indicated in vitro 

transcribed/translated proteins. The amount of reticulocyte lysate in each binding reaction was 

adjusted to normalize for translated protein content. (RRL=empty rabbit reticulocyte lysate). An 

arrowhead indicates the specific retarded complex. 

 

Suppl. Fig. 7. Schematic representation of the genomic fragments containing the pri-miR-196b 

promoter region used to generate luciferase reporter constructs. The annotated 5’HOX/CDX2 

binding sites are represented with green vertical rectangles. Red boxes indicate mutations of the 

corresponding binding sites. A black arrow indicates the TSS. 

 

Suppl. Fig. 8. Luciferase activities assayed in cell extracts of P19 murine cells. (A) Cells were 

transiently transfected with fixed amounts of the HOXA9 or PBX1a expression constructs, or with 

both HOXA9 and PBX1a expressors, together with a fixed amount of empty (light grey), wild-type, 

or mutant indicated reporter constructs (dark grey). (B and C) P19 cells were transfected with 

increasing amount of HOXD11 and HOXD13 expression constructs respectively, together with a 

fixed amount of the indicated reporter constructs. Bars represent the mean luciferase activity±SEM 

of at least three independent experiments. * = p < 0,05, ** = p < 0,005. 
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