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a transmembrane receptor tyrosine kinase, expressed with high tissue and stage specificity during
embryo development (2). It plays a crucial role in the neural
crest cells migration and differentiation to enteric sympathetic
ganglia, central and peripheral nervous systems (20), and
kidney development (13, 16, 25).
In humans, RET germline mutations are associated with
different neurocristopathies: inherited cancer syndromes and
Hirschsprung disease (HSCR) (12, 5). Multiple endocrine neoplasia type 2A and 2B and familial medullary thyroid carcinoma are due to constitutive activation of the RET protein,
while HSCR phenotype is caused by haploinsufficiency or loss
of function of the RET gene (5). In this latter case, coding
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sequence mutations are identified only in a limited percentage
of affected individuals, suggesting that mutations in noncoding
regulatory sequences might contribute to the disease phenotype
by modifying the RET expression. Thus extending the knowledge of all elements involved in RET transcriptional regulation
will provide new clues to clarify both developmental mechanisms and pathogenesis of the related diseases.
We have previously investigated how the regulated pattern
of RET transcription is achieved at the molecular level by
different approaches (19, 21–23). In particular, we found that
histone acetylation level in two known RET regulatory elements, located close to the transcription start site, shows a cell
line-specific pattern and correlates with endogenous gene expression (23). These results support the idea that chromatin
conformation exerts a relevant control on RET transcription
and let us establish a model for studying regulation of expression in the living cell chromatin context.
Furthermore, because it is well recognized that functional
regulatory sequences tend to be more conserved across evolution than nonfunctional ones (7, 10, 26), comparative sequence
analysis between orthologous sequences in different species
represents a powerful tool to find important elements in noncoding genomic DNA (7, 18). RET expression studies in
rodents (11, 25), Drosophila (9), and zebrafish (17) have
demonstrated that the gene is expressed within comparable
developmental patterns in humans and the above organisms,
which further strengthens the hypothesis of conserved regulatory sequences. Very recent papers have described orthologous
sequences at the human RET locus searching for candidate
HSCR-associated variants (4, 6).
In the present work, we describe an integrated approach of
sequence comparison combined with a functional assay that
can be used as a general screening procedure to identify
elements relevant to gene regulation. The analysis of evolutionary conservation within and surrounding the RET locus has
been coupled to characterization of histone acetylation level
and its correlation with RET expression in different cell types.
MATERIALS AND METHODS

Sequence analysis and comparisons. Genomic sequence comparisons with public databases were performed with Blast 2 Sequences
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi), using the
following parameters: basic local alignment search tool (BLAST)N
v2.2.3 (M ⫽ 1, N ⫽ ⫺2, S ⫽ 50, Expect ⫽ 10). For this analysis,
repetitive sequences were first masked (marked as unalienable)
with the program Repeat Masker Web Server (http://www.
repeatmasker.org), characterized by a large collection of different
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expression is characterized by high tissue and stage specificity during
the development of neural crest derivatives and in the pathogenesis of
inherited cancer syndromes and Hirschsprung disease. Identifying all
elements contributing to its transcriptional regulation might provide
new clues to clarify both developmental and pathogenic mechanisms.
We previously demonstrated that chromatin acetylation affects RET
transcription; therefore, we have set up a strategy based on analysis of
sequences conserved among species at the RET locus, combined with
the characterization of their chromatin structure, to identify new
potential regulatory elements. The histone acetylation level was evaluated by the chromatin immunoprecipitation method applied to cells
displaying different degrees of endogenous RET expression. Realtime quantitative PCR of immunoprecipitated DNA-protein complexes and transfection experiments, with constructs expressing a
reporter gene in which the putative regulatory regions are inserted,
indicate a correlation between histone acetylation and endogenous
RET expression and highlight conserved sequences with potential
regulatory roles. This paper presents a reliable screening procedure to
unearth elements able to affect gene regulation at the transcriptional
level in a large genomic region.
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Table 1. CNS and qPCR analysis
Fragment

Human/Mouse
Conservation, %

Human/Rat
Conservation, %

Size, bp

*Position, bp

qPCR Primers

Primer Sequence 5⬘ 3 3⬘

A

81

80

153

⫺20,630

B

76

108

⫺15,080

83

126

⫺11,220

Afor
Arev
Bfor
Brev
Cfor
Crev
Dfor
Drev
Efor
Erev
Ffor
Frev
Gfor
Grev
Hfor
Hrev
Ifor
Irev
SPX1for
SPX1rev
qPMfor
qPMrev
qE12for
qE12rev
bact1F
bact1C

CCCTGCAGTGAACTCAGATCC
CAGGCTGTTTCTGGGAAGCA
ACCGCCAAGCCATTACTCAC
AATCCTTGGAATCTCCTTCGG
TCTCTTCTTCATTGACTGGGAGACATTT
GCTGGCCTGCGCATTATT
TCTCCTCTCTCTGGCTCAGGG
CTGCTGAGGCTTCCAGAGGT
TGAGGTCTTCCAAACCTTCCA
GCTTCCTTTTCCAGGTTCCC
GGCTGTATAGGAAGTGTGTATTGAACA
AAAATAGGCCTTAATGGATCTTTGC
CAAGCCAGCCTCTGTCTTGG
TTGCTGTGTGCAGAACCCC
TGCAAGCAGAGAGCAAATGG
TCCTCCACTGGCTAAAGGCT
CACTTGGGTGGCCAGTCCT
GCTCCTGCCCAACTGCAAT
TGTGGGGACATGGAAAACTG
GCATTCCTGGAACTGCTG
CGCAGCCAGAGCAAGCAC
GCTTCGGTCGCGGGACT
TCTTCTCCCCCTTCCCTCAT
CCCTGCTCTGCCTTTCAGAT
TCACCCACACTGTGCCCATCTACGA
CAGCGGAACCGCTCATTGCCAATGG

C
D

79

78

184

⫺8,690

E

80

81

111

⫺8,135

F

85

87

325

⫺5,110

G

86

87

137

⫺1,110

H

79

80

223

⫹2,890

I

88

90

163

⫹9,460

SPX Enh

under 50

under 50

700

⫺3,390

MinProm

63

60

140

⫺140

Exon 12

90

88

148

⫹30,650

␤-Actin

Conserved noncoding sequences (CNS) and quantitative PCR (qPCR) analysis. For each of the selected CNS, the % conservation between human and mouse
and human and rat and the relative size and position from the human transcriptional start site (*) are reported. A list of all fragments amplified by qPCR and
their specific primer pairs are included. Cycling parameters are reported in MATERIALS AND METHODS. MinProm, minimal promoter; SPX Enh, enhancer site
SOX10/PAX3; for, forward; rev, reverse.
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we already reported (23). DNA isolated from antibody bound and
unbound fractions was extracted twice with phenol-chloroform. Three
independent chromatin immunoprecipitation (ChIP) assays were performed for each cell line.
Real-time PCR quantification analysis of immunoprecipitated
DNA. Real-time PCR quantification of immunoprecipitated DNA was
carried out with the SYBR Green PCR Master Mix (Applied Biosystems) and primers designed to obtain PCR products with length
ranging between 150 and 200 bp (Table 1). Immunoprecipitated
fractions were estimated by human ␤-actin housekeeping gene amplification with the primers described in the Table 1, using ABI Prism
7700 Sequence Detection System (Applied Biosystems), and each
product was compared with a standard curve of human genomic DNA
(Taq Man DNA Template Reagents, Applied Biosystems).
The relative proportions of immunoprecipitated fragments were
determined using the ⌬Ct comparative method based on the threshold
cycle (Ct) value for each PCR reaction (8) (ABI Prism 7700 Sequence
Detection System User Bulletin, Applied Biosystems). The ⌬Ct of
each amplimer was obtained by subtracting the Ct value of RET exon
12 PCR product (endogenous reference), assuming a nonsignificant
influence of histone acetylation at this level. A ⌬⌬Ct value was then
calculated by subtracting the ⌬Ct for the bound fraction to ⌬Ct of the
unbound fraction (calibrator). Real-time PCR amplification was performed in triplicate and repeated at least three times.
A list of all the fragments amplified by quantitative PCR and their
specific primer pairs are included in Table 1. Cycling parameters are
as follows: 15 s at 95°C, 60 s at 60°C, and 30 s at 72°C for all the
conserved noncoding sequences (CNS; A–I) and exon 12 amplimers;
30 s at 95°C, 30 s at 63°C, and 30 s at 72°C to amplify enhancer site
SOX10/PAX3 (SPX) and ␤-actin; and 30 s at 95°C, 30 s at 68°C, 30 s
at 72°C, and 10% glycerol to obtain the minimal promoter amplification. All the PCR reactions were at least 40 cycles long.

repeats from primates, rodents, other mammals, vertebrates, and
Drosophila (A. F. A. Smit and P. Green, unpublished observations).
Global alignments of the human, mouse, and rat genomic regions
were performed with the program Vista Genome Browser (http://
pipeline.lbl.gov/index.html), using a window size of 100 bp and a
conservation level of 75%.
Cell cultures and transfections. IMR32 (human neuroblastoma
cells) were grown in RPMI medium (Roswell Park Memorial Institute, Hyclone); MTC-TT, human medullary thyroid carcinoma, in
Ham’s F-12 medium (nutrient mixture for Hamster F-12, Hyclone);
and Neuro2A, murine neuroblastoma, in DMEM (Sigma). All media
were supplemented with 10% fetal bovine serum (FBS; GIBCO), 2
mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin at
37°C in a humidified atmosphere with 5% CO2.
Neuro2A (1.2 ⫻ 105 cells) and MTC-TT (2 ⫻ 105 cells) were
plated in 35-mm-diameter dishes and transfected 24 h after plating
using PEI (Sigma) or Lipofectamine 2000 (Invitrogen), respectively,
with 400 ng of pGL3 promoter or pRET vectors or an equimolar ratio
of pSV40-H, pSV40-I, pRET-H, and pRET-I. Plasmid pBluescript
KS(-) (Stratagene) was used to keep up to 1 g the total DNA amount,
and 100 ng of renilla luciferase reporter plasmid (pRL-SV40, Promega) were added to each sample as an internal control for transfection efficiency. Luciferase and renilla activity was assayed with the
Dual-Luciferase Reporter Assay System (Promega) on a TD 20/20
luminometer (Turner Designs). Three independent transfection experiments were performed in triplicate.
Chromatin immunoprecipitation assay. Cell nuclei from IMR32
and MTC-TT were isolated and micrococcal nuclease digested as
previously described (23). Chromatin fragments were preincubated
with 50 l of protein A-sepharose (Amersham Pharmacia Biotech) to
reduce background caused by nonspecific adsorption of DNA-protein
complexes to protein A-sepharose beads. Immunoprecipitation was
then performed with antibodies against tetra-acetylated histone H4, as
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RESULTS

Sequence conservation in the RET locus. We initially performed a comparative sequence analysis in the attempt to
identify conserved noncoding elements located inside the RET
gene locus that could potentially play a role in gene expression
regulation. We submitted the human (NT_033985), mouse

(NT_039353), rat (NW_047696), Drosophila (NG_000430),
and pufferfish (Tetraodon fluviatilis, TFU58673) RET orthologous gene sequences to the Repeat Masker Web Server (http://
www.repeatmasker.org/) and performed alignments between
the masked regions by Blast 2 Sequence (http://www.ncbi.
nlm.nih.gov/blast/bl2seq/bl2.html). The human sequence
started from 100 kb upstream of the transcription start site and,
for the other orthologous genes, from the largest available
upstream sequence. Most of the resulting exons were conserved, in particular those encoding the tyrosine kinase domain, in all analyzed species, whereas we did not observe high
conservation between human and Drosophila or zebrafish in
noncoding regions (data not shown).
The following comparison was carried out with the Vista
Genome Browser (http://pipeline.lbl.gov/index.html) software and limited to human, mouse, and rat orthologs. Figure 1
reports the results on a region starting from ⫺20 kb with
respect to the transcription start site, up to the conserved part of
intron 1 of human RET (⫹10.6 kb): peaks in murine and rat
regions, having ⬎50% conservation with respect to human
sequence, are represented. Regions displaying at least 75%
identity and over 100 bp in length are differently colored: pink
peaks are CNS, while blue peaks are exons. Several regions
upstream of the gene and two regions within the first intron are
highly conserved and remarkably similar between human,

Fig. 1. Map of the sequence conservation in the RET genomic region. Results of analysis performed by the web-based alignment program Vista Genome Browser
(http://pipeline.lbl.gov/index.html) in a genomic region encompassing DNA sequence from ⫺20 to ⫹10.6 kb. The peak corresponding to the first exon is
marked in blue. Conserved noncoding sequences (CNS) ⬎100 bp with ⬎75% identity are marked in pink. Selected CNS are indicated with capital letters (from
A to I). The top box in each row refers to human/mouse comparison (h/m) and the bottom to human/rat (h/r).
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Plasmid construction. Genomic fragments corresponding to the H
and I regions were cloned downstream from the luciferase reporter
gene, either driven by SV40 promoter (pGL3 promoter, Promega) or
RET minimal promoter (⫺143, ⫹53) as previously described (22). In
particular, the H region corresponding to the intron 1 sequence
spanning from nucleotide ⫹2,892 to ⫹3,896, was amplified from
genomic DNA by PCR using primers H forward (HF; 5⬘-CGCGGATCCACGCGTCTGGCCTCCAGAAGCTGCC-3⬘) and H reverse
(HR; 5⬘-CCAATCCGTCGACCCTTGTCTTCAGAGCAG) and then
cut and cloned into BamHI site (pSV40-H and pRET-H). The I region,
ranging from nucleotide ⫹9,064 to ⫹9,756, was amplified using
primers IF (5⬘-CCAGGGTCGACTGCAGCTTAATTCCTAGCC-3⬘)
and IR (5⬘-CATACGTCGACCCAGACCAGCTGCAGCGGC -3⬘)
and then cut and cloned into SalI site (pSV40-I and pRET-I). Finally,
all constructs were controlled by sequencing of the entire length of the
cloned DNA fragment.
Statistical analysis. In ChIP and transfection experiments, statistical significance of results was determined by Student’s t-test, available online (Tools for Science, Statistics; http://www.physics.csbsju.
edu/stats).
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intronic sequences, indicated as H and I, which showed different acetylation levels between the two tested cell lines, by
performing transient transfection experiments with reporter
plasmids. Two sets of constructs have been prepared: 1)
luciferase expression plasmids driven by the RET minimal
promoter, containing either the H or the I sequences placed
downstream of the luciferase coding sequence, and 2) luciferase expression plasmids driven by the SV40 promoter, containing either the H or the I sequences placed downstream of
the reporter gene. Both sets of constructs were transfected in
Neuro2A murine neuroblastoma and MTC-TT cell lines. Figure 3 reports results showing that the two regions were able to
enhance promoter activity when coupled to the SV40 promoter
in both cell lines, with higher enhancer activity for the I region.
When the two regions were coupled to the RET minimal
promoter, enhancer activity was confirmed for the I region.
DISCUSSION

The study of the RET gene transcriptional regulation, although already approached by different methodologies (1, 14,
15, 19, 21–23), has not yet provided exhaustive information
about cis- and trans-acting factors involved in specific control
of gene expression during the critical stages of embryo development and in the appropriate cell types. Identification of
sequences and factors crucial in such a functional process is
fundamental not only to understand the physiological steps that
lead to the definition of some organs and tissues but also to
explain results of genetic studies that point to a region at the
5⬘-end of the RET gene as the location of a functional variant
predisposing to Hirschsprung disease (3, 4, 6, 24). Following
the hypothesis that this variant affects the RET gene transcription and, by consequence, the level of its expression, the
present work was undertaken with the objective to discover
cis-elements possibly participating in the regulatory mechanisms. The strategy for our investigation was based on the
knowledge that enhancers and other noncoding sequences
important for gene expression control tend to be conserved

Fig. 2. Quantification of histone acetylation
after chromatin immunoprecipitation (ChIP)
from IMR32 and MTC-TT cells. Bars indicate the relative histone H4 acetylation level
at the conserved sequences (A–I), the enhancer site SOX10/PAX3 (SPX Enh), the
minimal promoter (Min Prom), and exon 12,
analyzed by real-time PCR. Solid bars represent values obtained from IMR32 cells,
whereas hatched bars are those from
MTC-TT cells. Means ⫾ SE are given for at
least 3 separate experiments.
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mouse, and rat. This allowed us to select nine fragments,
indicated from A to I in Fig. 1 and Table 1.
Comparison of histone acetylation profiles among cell lines
with differential RET expression. To test whether conserved
sequences A–I might play a regulatory role in gene transcriptional regulation, we have performed ChIP on two different
cell lines. These were chosen on the basis of their endogenous
RET mRNA expression and transcription: the neuroblastoma
IMR32 cell line, expressing RET at low levels, and the medullary thyroid carcinoma MTC-TT cell line, displaying a high
level of RET transcription (22, 23). We have quantified the
histone acetylation level in the selected regions by collecting
DNA fragments bound to tetra-acetylated histone H4 (antibody-bound fraction) and performing Taq Man real-time PCR
with specific pairs of primers (Table 1). The values obtained
for each genomic region under analysis were compared with
those of a RET exon 12 amplimer taken as an endogenous
reference and assumed to be unaffected by differential acetylation levels in the two RET-expressing cell lines. Bound
fraction values were compared with those of the unbound
fraction for each fragment amplified. Figure 2 shows the strong
correlation between histone acetylation and endogenous RET
expression in each cell line: IMR32 cells showed a globally
low histone acetylation, with the exception of the RET minimal
promoter; MTC-TT cells showed higher acetylation levels
compared with IMR32, with significant difference in several of
the amplified fragments. In particular, as depicted in Fig. 2, the
SOX10/PAX3 enhancer (22, 23) and the G, H, and I regions
showed more than twofold higher acetylation, with a striking
difference at the H region.
Assay of regulatory activity. Functional assays on the region
upstream of the RET transcription start point have been reported by a number of authors (1, 14, 22) who did not indicate
particular regions of interest except for a target sequence for
the Sox10 and Pax3 transcription factors and a proximal
promoter sequence. Moreover, no molecular variants are located in the A-to-G upstream conserved sequences. Therefore,
we have extended the functional characterization of the two
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across evolution. Consequently, we carried out a comparative
analysis of genomic orthologous sequences from evolutionarily
diverged species, in a wide RET genomic region. Cross-species
comparison resulted in the identification of seven conserved
noncoding regions upstream of the transcription start site and
two regions within the first intron. We are aware that comparative analysis might provide further information according to
progress and accuracy in the rat and mouse sequences available
in databases as well as in other yet poorly investigated species.
With the aim to validate a screening method able to unearth
regulatory elements, we have applied a functional assay to
verify the starting hypothesis, for those sequences satisfying
the selection criteria. This has been carried out by ChIP
analysis with an accurate quantitative evaluation of histone
acetylation performed by real-time PCR.
We chose to compare MTC-TT cells, which express a high
level of RET mRNA, with IMR32 cells, which display a low
level of RET mRNA: consistently, MTC-TT globally showed a
higher level of histone acetylation in most of the conserved
fragments.
The most significant difference between the two cell lines in
the 5⬘-flanking region was observed at the already described
SOX10/PAX3 enhancer (14, 15) as well as at the G sequence,
which was never reported either as an established or as a
putative regulatory sequence. The RET minimal promoter did
not show a striking difference between the two cell lines, and
its association with hyperacetylated H4 histones resulted in
elevated levels in both cell types, as might be expected in a
promoter region that is essential also for basal level of gene.
Physiol Genomics • VOL
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The H and I sequences, both located in intron 1, showed the
most significant differences between MTC-TT and IMR32.
Results obtained by transient transfection experiments with
constructs expressing the luciferase reporter gene under control
of two different promoters and the above putative regulatory
elements raise a number of observations. The H and I regions
show regulatory activity, as shown by statistical significance of
data, thus confirming the results obtained by the ChIP analysis.
These results vary according to the type of construct, which is
not surprising when considering the huge variability of results
present in the scientific literature on reporter assays performed
with even slightly different constructs or the same constructs in
different cell lines. While this article was under revision,
results on the role of the I sequence have been described
showing that this region could enhance SV40 promoter activity
by ⬃30-fold, in the conditions used in those experiments (6).
Our results differ in the level of enhancing activity displayed
by the I region, which may be due to different types of
constructs utilized in transfection experiments and the position
of the putative enhancer element inside the plasmid: downstream of the luciferase coding sequence instead of upstream of
the promoter sequence. Moreover, considering the entire examined region, we cannot exclude that the use of different
antibodies in ChIP analysis, of other cell lines reflecting
epigenetic regulation specific to different tissues and differentiation stages, and of other constructs and cell lines in transfection experiments could reveal some other elements able to
contribute to the gene transcriptional control. In this regard, it
is very difficult and questionable to evaluate how a single
www.physiolgenomics.org
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Fig. 3. Regulatory activity of H and I regions
Results of transfection experiments in MTC-TT
and Neuro2A cell line with the indicated reporter expression constructs. The y-axes report
luciferase units at different scales for the 2
different cell types. Each bar indicates mean
(SD) of 3 experiments performed in triplicate.
Statistical significance is reported as P value.
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element contributes to regulation of transcription, considering
that it could be the result of a combined effect of different
elements, in the endogenous chromatin context of an extended
genomic region.
These observations should warn against taking single assays
as unique proof of a functional role and suggest adoption of
integrated strategies in which different experimental approaches are used to support initial hypotheses such those
raised by genetic evidences. This applies well to the field of
HSCR susceptibility, in which several genetic evidences (3, 4,
6) suggest that one or more responsible functional variant(s) is
located in the genomic region that we and others have investigated.
We believe that the described experimental approach, based
on the combined analysis of sequence conservation and chromatin conformation assessed by ChIP and quantitative realtime PCR, applied to a large RET genomic region, has proved
to be very useful as a screening procedure to highlight and
characterize potential regulatory elements, defining their tissue
specificity and chromatin conformation dependence. Such an
approach has led us to identify candidate regions in which the
search for molecular variants with functional significance is
worth addressing, contributing to a further understanding of the
molecular basis of RET expression regulation and disease
susceptibility. Furthermore, this strategy can be generally used
to unearth transcriptional enhancers/silencers in wide genomic
regions, provided suitable cell types can be used as a source of
chromatin.

