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Background: Retinoic acid (RA) receptors regulate gene expression through binding-specific response elements (RAREs).
Results: A collection of new DR5 RAREs located =10 kb from TSSs and conserved among 6 vertebrates species or more has been amassed.
Conclusion: We provide a wider knowledge base for analyzing RA target genes.

Significance: The RA response of the conserved target genes differs between species and tissues.

The nuclear retinoic acid receptors interact with specific retinoic
acid (RA) response elements (RAREs) located in the promoters of
target genes to orchestrate transcriptional networks involved in
cell growth and differentiation. Here we describe a genome-wide in
silico analysis of consensus DR5 RAREs based on the recurrent
RGKTSA motifs. More than 15,000 DR5 RAREs were identified
and analyzed for their localization and conservation in vertebrates.
We selected 138 elements located =10 kb from transcription start
sites and gene ends and conserved across more than 6 species. We
also validated the functionality of these RAREs by analyzing their
ability to bind retinoic acid receptors (ChIP sequencing experi-
ments) as well as the RA regulation of the corresponding genes
(RNA sequencing and quantitative real time PCR experiments).
Such a strategy provided a global set of high confidence RAREs
expanding the known experimentally validated RAREs repertoire
associated to a series of new genes involved in cell signaling, devel-
opment, and tumor suppression. Finally, the present work provides
a valuable knowledge base for the analysis of a wider range of RA-
target genes in different species.

Retinoic acid (RA)* is an active derivative of vitamin A that
influences a range of essential biological processes such as
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development and homeostasis (1-4). RA exerts its action
through nuclear RA receptors (RARs), which are typical ligand-
dependent regulators of transcription with a central DNA bind-
ing domain linked to a ligand binding domain (for review, see
Refs. 5 and 6). In response to RA signaling, RARs het-
erodimerize with retinoid X receptors (RXRs) and occupy char-
acteristic RA response elements (RAREs) located in the pro-
moter of target genes involved in cell proliferation and
differentiation. RXR/RAR heterodimer occupancy at cognate
response elements is commonly a determinant of transcrip-
tional responsiveness. Within a given cell type, binding of RXR/
RAR heterodimers to RAREs can either up- or down-regulate
transcription in a gene-specific manner. RAREs are composed of
two direct repeats of a core hexameric motif (A/G)G(G/T)TCA.
The classical RARE is a 5-bp-spaced direct repeat (referred to as a
DR5), but RXR/RAR heterodimers can also bind to direct repeats
separated by 2 bp (DR2) or 1 bp (DR1) (6, 7).

The development of high throughput technologies such as
DNA microarrays revealed that within a given cell type or tis-
sue, the RA response is composed of a huge and complex net-
work of responsive genes (8 —10). However, such techniques
could not discriminate between direct primary and secondary
target genes (which are modulated by the product of a primary
target gene rather than by RXR/RAR heterodimers), and only a
few of the RA target genes contained identified RAREs. More
recently, chromatin immunoprecipitation coupled with array
hybridization (ChIP-chip) allowed the identification of new RAR
binding loci (11, 12). However, whether such loci bind RARs
directly or indirectly through other bound factors could not be
easily discriminated. Moreover, the identified loci do not corre-
spond to the full repertoire, as the arrays do not represent all pos-
sible regions in a genome. The nascent genome-wide ChIP-seq
(chromatin immunoprecipitation coupled with deep sequencing)
technology should expand the repertoire of potential high affinity
response elements (13, 14). Nevertheless, although powerful, such
ChIP-based approaches are highly cell context-specific.
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Now, with the availability of an increasing number of genome
sequences, in silico analysis of RAREs can be also performed.
The advantage of computational techniques is that it over-
comes the chromatin structure and, thus, the cellular context
and provides a direct glance on the whole repertoire of possible
RAREs.

Here we conducted a genome-wide in silico study of RA
response elements. Although RXR-RAR heterodimers can bind
to DR5, DR2, or DR1 response elements, the significance and
the specificity of the DR2 and DR1 is still unclear. Therefore, we
focused on DR5 RAREs. Computational techniques were devel-
oped for the genome-wide identification of DR5 RAREs and for
the characterization of their genomic and phylogenetic context.
In this way we amassed a collection of DR5 RARESs that is con-
served across vertebrate species and that was validated for its
occupancy and functionally analyzed for the RA-responsive-
ness of the associated genes. Such a strategy allowed us to char-
acterize a new set of high confidence conserved DR5 RAREs
associated to a series of new potential RA-target genes, thus
providing a wider knowledge base for the analysis of the RA
response in different species.

EXPERIMENTAL PROCEDURES

Bioinformatics—In silico analyses were performed using the
Genomic Context data base (GeCo).> This data warehouse,
which was already exploited in a genome-wide study of the Staf
transcription factor binding sites (15), aggregates genomic,
phylogenetic, and epigenomic data from different sources,
allowing the high-throughput contextual characterization of a
given set of genetic elements. The underlying data base of anno-
tated genes was built by computing refGene (proteins),
rnaGene (snRNA, snoRNA, tRNA, rRNA, scaRNA), kgXref
tables from the University of Santa Cruz California, mirna, mir-
na_literature_references, mirna_mature, and literature_refer-
ences tables from the Sanger Institute and piRNA file from the
piRNA Database. The data base also includes sequence conser-
vation data extracted from the University of Santa Cruz Cali-
fornia blastZ alignments. The data base is implemented in high
speed DB2 architecture called Biological Integration and
Retrieval of Data (BIRD), which can quickly address the whole
set of sequences, genomic features, and alignments (15). RGK-
TSA DR5 motifs were searched in the human (NCBI build 36,
hg18)- and mouse (NCBI build 37, mm9)-masked genomes
(RepeatMasker) using an in-house tool dedicated to the auto-
matic search of short motifs and implemented in the GeCo
system. The obtained motifs were subsequently characterized.
For each motif, we retrieved the nearest gene and its localiza-
tion as well as, if applicable, the position of the motif regarding
the gene elements, exon, intron, transcription start site (TSS),
and gene end (end of the last exon). Motif conservation was
then analyzed on the basis of University of Santa Cruz Califor-
nia blastZ alignments between the human or mouse and 13
other vertebrate genomic sequences. The considered species
were selected for the confidence of their sequencing, the quality
of their annotation, and for their repartition through the verte-
brate phylogenetic tree: zebrafish (danRer5), fugu (fr2), xeno-

>Y.N. Anno, O. Poch, and O. Lecompte, manuscript in preparation.
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pus (xenTro2), lizard (anoCarl), chicken (galGal3), platypus
(ornAnal), opossum (monDom4), dog (canFam?2), horse
(equCabl), cow (bosTau4), rat (rn4), rhesus (rheMac2), and
chimpanzee (panTro2). We considered a motif as conserved in
a given species if the region encompassing the motif in human
or mouse is aligned with a genomic region of the species also
containing a RGKTSA DR5 motif.

Cell Culture, RNA Extraction, and qRT-PCR—F9 and P19
mouse embryocarcinoma cells, human MCEF7 cells, and
zebrafish PAC2 cells were cultured according to standard con-
ditions as previously described (16 -19). RNAs were extracted
and subjected to qRT-PCR as previously described (20). Tran-
scripts were normalized according to the ribosomal protein
gene RPLPO. All mouse primers are listed in supplemental
Table S1. The others are available upon request.

RNA Sequencing—After isolation of total RNA, a library of
template molecules suitable for high throughput DNA
sequencing was created according to the instructions of Illu-
mina. Briefly, the poly(A)-containing mRNAs were isolated
from total RNA (4 mg) by two runs of purification on Sera-Mag
Oligo-dT Beads (Thermoscientific) and fragmented using diva-
lent cations and heat-catalyzed hydrolysis. Fragmented
mRNAs were used as a template to synthesize single-stranded
c¢DNA with Superscript II reverse transcriptase and random
primers. After second-strand synthesis, the cDNAs went
through end-repair and ligation reactions using paired-end
adapter oligos from Illumina and were electrophoresed on an
agarose gel. A slice containing fragments in the 300-bp range
was excised, and after elution and purification, the library was
amplified with 15 cycles of PCR with Illumina sequencing prim-
ers and purified using Agencourt AMPure XP beads from
Beckman.

The library was then used to build clusters on the Illumina
flow cell according to protocol. Image analysis and base calling
was performed using the Illumina pipeline. Reads were then
mapped onto the mm9/NCBI37 assembly of the mouse genome
using Tophat (21). Quantification of gene expression was done
using Cufflinks (22) and annotations from Ensembl release 57.
For each transcript the number of FPKM (fragments/kb of tran-
script/million fragments mapped) was converted into raw read
counts, which were added for each gene locus by using an R
script that we implemented. Then data normalization and iden-
tification of significantly differentially expressed genes were
performed with the method proposed by Anders and Huber
(23) and implemented into the DESeq Bioconductor package.
The final p values were adjusted for multiple testing according
to the method proposed by Benjamini and Hochberg (24), and a
cutoff p value of 0.05 was applied for finding significant respon-
sive genes.

RESULTS

Bioinformatic Genome-wide Research of DR5 RAREs Corre-
sponding to the RGKTSA Motif—Only a few RAREs have been
identified to date and associated to RA-target genes. Most of
them are represented by two direct repeats of the hexameric
motif (A/G)G(G/T)TCA, separated by five nucleotides (DR5)
(25, 26). Such DR5s have been found in the promoters of human
and mouse genes involved in RA metabolism (Cyp26A1) (27), in
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RA signaling (RARa2, RARB2, RARY2) (28 —-30), or in develop-
ment (Hoxal, Hoxa4, Hoxbl) (31-33). Alignment of these
RAREs (Fig. 1) clearly delineates a recurrent motif RGKTSA
(coding is according to the IUPAC convention: R = AG; K =
GT; S = CQ), which differs from the classical consensus motif
RGKTCA at position 5, with a G instead of a C (in RARy2 and
Hoxa4). Therefore, with the aim of identifying novel RA-driven
primary target genes, we screened the masked human and
mouse genomes for DR5 corresponding to two direct repeats of
the RGKTSA motif at the genome-wide scale (see “Experimen-
tal Procedures”). Such in silico screens have the potential of
identifying target genes independently of their tissue of expres-
sion. We identified 15,925 DR5s corresponding to two direct
repeats of the RGKTSA motif in the mouse genome and 14,571
in the human genome (supplemental Tables S2 and S3).
Conservation of the DR5 RAREs during Evolution—A way to
assess the potential relevance of response elements is to deter-
mine whether they are conserved between species (phyloge-
netic footprinting). Indeed, highly in vivo relevant DR5 RAREs
are expected to be conserved and, thus, to be under an ancient
strong selective constraint. Therefore, to delineate functional
RAREs, we analyzed the conservation of the human and mouse
RAREs across 13 additional vertebrate organisms (see “Experi-

CYP26A1 distal
CYP26A1 proximal
RAR02

RARP2

RARY2

HOXA1

HOXA4

HOXB1

DR5 RGKTSANNNNNRGKTSA

FIGURE 1. Alignments of known DR5 RARE motifs in the promoters of the
Cyp26A1, RARa2, RAR32, RARY2, Hoxa1, Hoxa4, and Hoxb1 genes and
definition of a RGKTSA motif.

mental Procedures”) by using the BlastZ alignment of the Uni-
versity of Santa Cruz California genome browser. Due to the
shortness and the divergence of the RGKTSA sequence, the
criterion of conservation was deduced from the presence/ab-
sence of the complete DR5 motif RGKTSANNNNNRGKTSA
in all considered genomes. We considered that a motif was
conserved in a given species if the region encompassing the
motif in human or mouse is aligned with a genomic region of
the species also containing a RGKTSA DR5 motif (see “Exper-
imental Procedures”).

In a phylogeny of vertebrates, we visualized the number of
human or mouse RAREs that are conserved in each studied
species (Fig. 2). We also calculated for each relevant clade of
vertebrates the number of RAREs that are conserved in all the
members of these clades. Although these data can be influenced
by the coverage of the studied genome (34), this analysis raised
three interesting conclusions. (i) Overall, human RAREs are
less conserved in rodents than in other mammals. As an exam-
ple, about 900 human RAREs are conserved in the mouse
genome, whereas more than 1500 are conserved in the cow
genome. This is in accordance with the known increased evo-
lutionary rates in rodents (35) but questions the use of mouse as
a unique in vivo experimental system for studying RA signaling
in mammals. (ii) There is a striking difference between the
number of RAREs conserved in placental mammals (Eutheri-
ans) and in all mammals or in eutherians + marsupials. Indeed
around 309 human RAREs (or 319 mouse RARESs) are con-
served in placental mammals, whereas only half (162 human
RARESs, 170 mouse RARES) is conserved in eutherians + mar-
supials. The decrease is even higher if we consider the number
of RAREs conserved in all mammals (101 from human and 107
from mouse genomes). This suggests that a specific elaboration
of the RA regulatory network occurred in eutherians and high-
lights the importance of studying the corresponding RA target
genes. (iii) Only six RAREs are conserved in all jawed verte-

Conserved Conserved
human RAREs mouse RAREs
Zebrafish | 40
Gnathost [
e Fugu 25
Vertebrates 6 i
—O0—0O Xenopus 72
6 8
Lizard 158 144
I P
Tetrapods 26 L— chicken 190 170
Platypus ' .. 326 232
Amniotes 57 N
! > Opossum_; 439 308
Mammals 107 Dog 7y 1621 793

Eutherians

Cow . 1544 798
_'I: Horse ! 1913 855

Rodents Mouse 5 939 15925
Rat 835 4054
Rhesus (| 8080 896
Chimpanzee 11992 919
Human \ 14571 934

FIGURE 2. Phylogenetic tree of jawed vertebrates showing the phylogenetic conservation of the DR5 RAREs. On the right, the number of human RAREs
(blue) or mouse RAREs (orange) conserved in each species is indicated. For example, in chimpanzee, there are 11,992 RAREs conserved from the 14,571 found
in human. In contrast there are 919 RAREs conserved from the 15,925 found in the mouse genome. At each relevant node of the tree, the number of RAREs
conserved in the species of the relevant node is indicated in red. The blue numbers represent the human RAREs, and the orange numbers represent the mouse
RAREs. For example, in the rodent primate clade we found 562 human RAREs and 597 mouse RAREs conserved in the 5 relevant species (mouse, rat, rhesus,

chimpanzee, and human). NA, not applicable.
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A Localization of the 14571 human RAREs
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B Localization of the 15925 mouse RAREs
Hits (/kbp)

Upstream gene

Hits (/kbp)
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-50 -30 -10 0 +10  +30  +50
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FIGURE 3. Genome-wide distribution of the identified human (A) and mouse (B) DR5 RAREs. The distance between the RARE and the corresponding gene
was calculated by identifying its proximity to both boundaries of the genes, the TSS, and the end (end of the last exon). Following this rule for a RARE located
upstream of the TSS, the distance was calculated from the TSS and was negative. For a RARE located downstream of a gene, the distance was calculated from
the end of the gene and was positive. In the case of a RARE present inside the gene, both distances to the TSS and to the end of the gene were calculated, and
the minimal distance in absolute value, called dTSS*, was considered (cf. Fig. 5). The genome-wide mapping of the RARE versus a canonical gene was calculated
by cumulating the number of hits present in a 1-kb sliding window from each side from the TSS or from the end of the gene (the first point being attributed to
500 bp before and after TSS or gene end). These calculations were applied to a distance of 500 kb outside of the gene and 100 kb inside of the gene.

brates (gnathostomes). Three of these RAREs are associated to
developmental genes, Dachl (Daschung homolog 1) (36), Meisl
(Meis homeobox 1) (37), and TSHZ3 (Teashirt 3) (38). The three
others are associated to the Gria2 (glutamate receptor 2) (39),
Lphn2 (latrophilin 2) (40), and Pagqr3 (an adiponectin receptor)
(41) genes. It is interesting to note that, except Meis1 (8, 10, 37),
these gene are not known RAR target genes. Nevertheless, they are
likely to be RA-regulated in virtually any vertebrate species and
thus might be considered as new interesting models.
Genome-wide Analysis of the Location of the Identified DR5
RAREs—The identified mouse and human RAREs were also
annotated by analyzing genome-wide their locations using the
GeCo system (see “Experimental Procedures”), which allows
users to retrieve the genes in the neighborhood of factor bind-
ing sites with respect to annotated Refseq genes.” Then, in both
the human and mouse genomes, the RAREs were localized rel-

SEPTEMBER 23, 2011 +VOLUME 286-NUMBER 38

ative to the nearest matched gene boundary: upstream and
downstream distance from the TSS and from the end of genes.
As shown in Fig. 3, A and B, the regions flanking TSSs and the
ends of genes depict the highest concentration of RAREs com-
pared with the further regions (£500 kb). This suggests that the
RAREs located in the vicinity of TSSs and gene ends would be
more relevant than the others, as described for most nuclear
receptors and transcription factors (14, 42—46). Therefore, we
selected the RAREs located between —10 and +10 kb, i.e. the
RAREs *10 kb from the TSSs and =10 kb from gene ends.
According to this criterion, 3862 RAREs were selected in the
mouse genome and 3429 in the human one (supplemental
Tables S2 and S3).

Selection of a List of RAREs Located * 10 kb from Gene Limits
and Conserved in Six Organisms or More—Considering the low
number (6) of highly conserved RAREs and the overall reparti-
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A 14571 putative human DR5 RAREs

B 15925 putative mouse DR5 RAREs

Conservation

981
1049 571

!

C 1049 3429
conservation>6 -10kb<distance<10kb
238 3191

( number of organisms)

| I
o 2
W3
o 4
|5
[ 6to15

D 766 3862
conservation>6 -10kb<distance<10kb

3681

138 common

conserved DR5 RAREs
-10kb<distance<10kb

E Cumulated hits
160 1
' - ot
120 1
80 1
‘y
-10000  -5000 0 5000 10000

dTSS*(mouse)-dTSS*(human) (bp)

I Exon/exon

M Intron/intron
[ Promot/promot
[l Exon/promot
M Intron/promot
I Exonlintron

[ Cluster HOX

F

FIGURE 4. Selection of 138 RAREs located +10 kb from TSSs and gene ends and conserved in more than 6 organisms. A and B, shown is conservation of
the human and mouse RAREs among the 15 organisms tested. C and D, for both the human and mouse genomes, the RAREs conserved in more than 6
organisms were crossed with those located 10 kb from gene boundaries. Crossing the resulting mouse and human RAREs led to a list of 138 RAREs with highly
confident conservation and located = 10kb. E, the differences between mouse and human dTSS* were calculated and plotted into cumulative hits. F, conser-
vation of the RARE positions (intron, exon, and promoter) between mouse and human is shown.

tion of the 15 organisms among the vertebrate tree, we arbitrary
selected a criterion of conservation in 6 organisms. Only 7% of
the human RAREs (1049 sites) (Fig. 44) and 5% of the mouse
RAREs (766 sites) (Fig. 4B) were found to be conserved in 6
organisms and more.

Then these human and mouse RAREs conserved across six
and more organisms were further analyzed for their localization
relative to the matched gene annotations. Among these RAREs,
238 human RAREs and 181 mouse RAREs were found to be
located at the proximity of genes in the =10 kb regions that we
defined above (Fig. 4, C and D, and supplemental Tables 2 and

33326 JOURNAL OF BIOLOGICAL CHEMISTRY

3). By using these two criteria of restriction, we obtained a list of
138 RAREs that are common to both mouse and human organ-
isms and that are reliable in terms of genome annotation, name
of the corresponding genes, localization, and conservation in
more than 6 organisms (Fig. 5).

The orientation and localization of each conserved RARE
listed in Fig. 5 were compared. Most interestingly, 100% of these
RARESs showed the same orientation in the human and mouse
genomes, and ~70% showed less than a 500-bp difference in
their distances to the nearest associated genes (Fig. 4E), sug-
gesting that these RAREs are good candidates for being func-
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MOUSE Mouse-Human
Official gene name Position BSstrand | Gene strand| FrViogenetic aTss* RARE Sequence Position | BSstrand |Gene strana| PhViogenetic dTSS* | dTSS* difference
2310007DD9Rik Exon * = 8 -3436 GGTTCACGAAAAGTTCA Exon + ar 8 -5116 1680
412, Intron - + 8 -5908 AGGTGAGTAAAAGTTGA Intron - + 8 -5567 -341
4632412N22Rik - + 6 1259 GGGTCACAATCAGGTGA - i 6 1282 -23
Exon + - 7 -459 AGTTCAGACAAGGGTCA Exon + - 7 -495 36
19Rik Exon - - 8 8578 GGGTGACCCCGAGTTCA Exon + + 8 9552 -974
6430527G18Rik - - 8 -3426 GGGTGACGCGAGGTTCA - - 8 4278 852
‘Abhdz Exon : B 7 1367 AGGTCAGATCCAGGTCA Exon : 7 7 6849 B
Aco2 Intron ¥ * 9 404 AGGTGAGGACAAGGTGA Intron + + 9 383 21
Actnd Exon - - 6 -1391 GGGTGAGGCCGAGTTCA Exon + + 6 -1535 144
Agapl Intron *: + 9 -9441 GGGTCACTCTGGGGTCA Intron + + 8 -7485 -1956
Aipll Intron - - 6 -2338 GGGTCAAGGTCAGGTCA Intron - - 6 -3811 1473
Alk Intron - - 8 5054 AGGTGAGATGTGGGTCA Intron - - 8 5420 -366
Ankrd50 Exon + - B -1989 AGTTGAAGCTAGGGTCA Exon i - B -4700 2711
Ar Exon : B 8 1258 AGTTCATTCGAAGTTCA Exon z 5 B 13 155
Arpp21 Intron - - 7 -6279 GGTTCATTCATAGGTCA Intron in o 7 -5225 -1054
Atxn2 + + 6 -561 GGTTCAAATGAAGGTCA - - 6 -495 -66
BC052040 Exon - * 1z -1662 AGTTCAGCTGAAGTTCA Exon - + 12 -1701 39
BhlhbedDd - s 12 1556 AGGTCAGCGCTGGGTGA - + 12 1775 -219
Bmi Exon p : 8 864 AGGTCACTGGGAGGTGA Exon v = 8 876 [
Bmp7 Intron + - 12 4301 AGTTCAAAGCTGGGTCA Intron i - 12 Lale) -872
Brs3 Exon - B 6 115 AGTTCAAATGCAGTTGA Exon - v 6 95 20
Cacnalg Intron *: - 9 6105 GGGTCAGCCAGGGGTCA Intron - + ) 6019 86
Camk2b Exon + - 6 -3030 AGGTCAGCCCTGGGTCA Exon + - 6 -3536 506
Cedcl132 Exon - L 8 -8558 AGTTCACTGGCGGTTGA Exon - + 8 -9145 587
Ceno - Ea 7 -5719 AGTTCACTAAAAGTTCA it - 6 -8211 2492
Cdcpz p = 7 663 GGGTGACACACAGTTCA : : 7 1092 22
Cited2 + * 8 574 GGTTGACTCAAAGGTCA - - 8 632 -58
Ciob ntron - T 7 5382 AGGTGATTCCAGGGTCA Tntron : - 7 5499 117
Col24al Exon - + 7 292 AGTTCACTTGCGGTTCA + - 7 -296 588
Crygn + - 6 3244 GGGTGAGGGGGAGGTCA + - 6 1061 2183
Ctsk Exon - + 7 2154 GGTTCATAGCCAGTTCA Exon + - 7 2220 -66
Cughpl Exon - + 11 -379 AGGTCAACACAAGGTCA Exon i - 11 -375 -4
Cughp2 Exon g - 1 5337 AGTTCAGCAAAAGGTGA Exon - v 12 5629 392
Cyp26al - o 14 -31 AGTTCACCCAAAGTTCA Exon - ir 14 329 -360
Cyp26al + + 8 -1898 GGGTCACAGGCGGGTCA + + 8 -1557 -341
Diap3 Exon - - 6 -229 AGTTGACAGAAGGGTCA Exon - - 6 -1227 998
E130309F12Rik Intron + + ) 745 GGGTGAGGCTCGGGTCA Intron + + 9 958 -213
Ebf3 - - 11 -7615 AGGTGAAACCGAGTTCA - - 11 -8385 770
El4 Exon + - 7 -7145 GGGTCAGTGACAGGTGA Exon it - 7 -6455 -690
Enpp2 v - 7 2163 AGTTCAACCTGAGGTGA 5 . 7 2866 703
Ephb3 Intron - i 8 -6596 GGGTCACCTGGAGTTCA Intron - ar 8 -7178 582
Esrrg Exon - + 10 -3113 GGTTCACAATAAGTTCA Exon + - 10 -3061 -52
Ext2 Intron - - 9 -7409 AGTTCAAGCCCAGGTCA Intron i & :l -8911 1502
Fhxo30 Exon + + 6 -5674 AGGTCATTTGGAGTTCA Exon - - 6 -6502 828
Flit4 Intron = L 8 3918 AGGTCAGCAGGGGTTCA Intron - - 8 4073 -155
Foxa2 ¥ - B 8392 AGGTCAGGGGGAGGTCA + - 9 8252 140
Frapl Exon . £ 5 7291 AGTTCAGCAAGGGGTCA Exon 5 E 5 7802 511
Intron - + 7 522 AGGTGACAGCGAGGTGA Intron - + i 19 -57
Gpri49 Intron + - 6 -8572 AGGTGAATCCAGGGTGA Intron + - 6 -8030 -542
Gria2 Intron - 15 -6381 AGGTGATTCCAAGGTCA Intron + + 15 -4962 -1419
Gzmk +: 8 -2144 GGGTGAGATTTAGTTCA - + i -2337 193
Heyl Exon 5 7 5 AGGTCAAACCCAGTTCA Exon 5 5 7 29 0
Hicl Intron 12 1444 GGTTCACGGCGGGGTCA Intron i + 9 322 1122
Hipir Exon v £ 7 2808 AGGTGAACGAGAGGTGA Exon v 7 B 3142 33

FIGURE 5. List of the 138 conserved RAREs located +10 kb from TSSs and genes ends. For the 138 conserved RAREs located *10 kb, gene names and
orthology were analyzed manually in both the human and mouse genomes. The sequence, localization, and dTSS* of each RARE are shown as well as the name

of the associated gene. BS, binding sequence.

tional. Moreover, 43 RAREs located in exons, 49 in introns,
and 30 in promoters correlated well between the two
genomes (Fig. 4F). The other RAREs, although associated
with a same gene in both genomes, depicted different local-
izations, most probably due to differences in genes annota-
tions between the two genomes. Note that three RAREs asso-
ciated with Hox genes differed between both genomes, most
probably due to the complex organization and evolution of
the Hox clusters.

RAR Binding to the Selected DR5 RAREs and Analysis of the
Associated Genes—Then the key question to address was
whether the DR5 RAREs that we selected in silico reflect bio-
logical significance in vivo; in other words, whether they are
able to bind RAR/RXR heterodimers. To address this, we first
crossed the list of 15,925 DR5 RAREs found in the mouse
genome with the RAR and RXR binding sites mapped in ChIP-
seq experiments® performed with a mouse embryocarcinoma
cellline (F9 cell lines), which is well known to respond to RA (1).
In these cells, 4% of these RAREs were occupied by RAR/RXR
heterodimers in the absence of RA (Table 1). This percentage
increased up to 9% after 48 h of RA treatment. In fact, taking
into account that some sites become occupied whereas oth-

¢ A. Chatagnon and G. Benoit, manuscript in preparation.
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ers dissociate from RAR/RXR heterodimers in response to
RA, 11% of the RAREs were found to be able to bind RAR/
RXR heterodimers (Table 1). As a control, a random list of
15,925 17-bp sequences extracted from the mouse-masked
genome (supplemental Table S4) was crossed with the same
binding sites (Table 1). Most interestingly, the percentage of
occupied RAREs increased up to 42% when the same cross-
ing was applied to the list of 181 conserved mouse RAREs
and to our final in silico list of 138 RAREs (Table 1), thus
validating our strategy.

Among these RAREs (Table 2), 39 were occupied in the
absence of RA, among which 17 depicted an important increase
in their occupancy in response to RA. In addition, 19 RAREs,
although unoccupied in the absence of RA, became occupied
after RA addition, raising to 58 the number of RAREs that can
be occupied in F9 cells. Note that the increase in occupancy
started rapidly (within 2 h) or later (24— 48 h) depending on the
RARE.

Some of these RAREs have been already reported to be
direct RAR targets in EMSA, ChIP, or ChIP-chip experi-
ments. It is the case for the canonical RAREs associated to
the well known RA target genes involved in transcription
regulation such as RARB2, Hoxal, Hoxbl, and WtI (19, 32,
47-50) or in RA metabolism (Cyp26A1, Rbpl). Most inter-
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Conserved and Functional DR5 RAREs

Hmbox1 + 9 48 AGGTGATCACAGGGTGA Exon - + 9 -133 181
Hoxal 12 1940 GGTTCACCGAAAGTTCA 12 1749 191
Hoxa3 Intron 14 -6472 AGGTGAACTTCAGGTCA 14 -3124 -3348
Hoxa3 Intron = 14 6064 GGTTCAAGAAGAGTTCA Intron 14 6071 -7
Hoxbl + + 13 5100 GGTTCATAGAGAGTTCA 14 7170 -2070
Hoxbh3 Intron + + 14 -6694 GGTTCAAGAAGAGTTCA Intron = = 14 -6561 -133
Hoxcd + + 14 -5034 AGGTGAAATGCAGGTCA Intron & + 14 -6699 1665
Hoxd3 Intron 5 i i -6731 GGTTCAAGCAGAGTTCA Intron o B 12 -7185 454
Hoxd4 Intron i + 14 2778 AGGTGAAATGCAGGTCA i & 14 -1240 4018
Hoxd4 Intron + 9 11 2696 AGTTGAGCGGGAGGTGA + + bl -1322 4018

Ilvnslabp + 9 -187 AGGTCAGCGCAAGGTGA & = 9 =139 -48
Jmjd3 Intron - 7 4801 GGGTCACATCGGGGTCA Intron + + 7 4877 -76
Kik13 Intron & i 6 435 AGTTCACAGTGGGTTCA = = 6 -778 1213
Lgals2 Intron - 7 -394 AGGTCAAGGTGAGGTCA Intron - 7 -322 -72
Lman2l Intron + 6 6032 AGGTCAAATCAGGTTGA Intron + 6 6093 -61
Lrrc29 Exon + 6 -3339 GGTTGAAGCTGAGGTCA Intron + 6 -3496 157
Meis2 Intron a8 14 -7698 GGTTCACTCAAAGGTCA Intron i 14 -7710 12
Meis2 Intron + 12 -6268 GGGTCATTCAGAGGTCA Intron + 12 -6210 -58
Meis2 - 8 -6129 AGGTCAAGAATAGTTCA - 9 -4855 -1274

MIIL Intron = = 7 1810 AGTTGAGTTCAGGTTCA Intron ita i 7 1873 -63

Mmp24 Exon + + 6 -1581 AGGTGAACTAGAGGTGA Exon + + 6 -1658 77

mmu-let-7¢-2 i + 8 -3954 AGGTGACTTCGGGGTGA i i 8 -5394 1440
mmu-mir-10a + + 13 -2566 AGGTGAACCGCAGGTCA B < 14 -2623 57
Myf6 Intron & = 6 680 GGGTCACTGGGGGTTCA Intron + 6 705 -25

Myo3b Intron = i 6 -7559 GGTTCAACTAGAGTTCA Intron = i 6 -6568 -991
Nkapl Exon = = 6 -386 AGGTGAAATTGGGTTGA Exon + + 6 -624 238

Onecut2 Intron + i 12 9911 AGTTCAGCTATGGTTCA Intron i + 12 9964 -53

Osrl + + 8 -988 GGGTCAGCCGGAGGTCA B - 8 -1004 16
Otp & + 7 -415 AGGTCACGCCAGGGTCA = E 6 -401 -14
Parp8 - - 8 9175 AGTTCATTTACAGGTCA + + 7 8462 713
Pcbp2 Intron = iz 9 -6347 GGTTGATGCTGAGGTGA Intron = i 10 -6242 -105
Pcbpd Intron + + 8 3290 AGGTGAGCTGGAGGTCA Intron 2 = 8 3438 -148
Pld2 Intron = 2 7 -7034 AGGTGACAGCAAGGTCA Intron s iz 7 -9119 2085
Polb Exon = = 7 -8806 GGGTGAGACAAAGTTCA Exon + + 7 -9115 309

Pou3fl - + 6 3357 AGGTGATGCTGGGTTCA & 6 4039 -682
Prnpipl + + 10 -3868 AGTTCAGATTCAGGTCA = 10 -3986 118
Prss27 + + 8 -148 GGTTCAGGGCTAGGTCA Exon 5 8 195 -343
Ptchl Intron i = 11 6913 GGGTCACAGGCAGGTCA Intron i = & 7203 -290
Ptchdl Exon 1L -4895 AGGTCAGTGAAGGGTCA Exon P + 11 -3721 -1174

Ptprj Exon = 7 -917 AGGTCACACGAAGGTCA Exon + + 8 -963 46
Ptprj Exon + 6 -7803 AGTTGATGAGCAGGTCA Exon + 6 -7307 -496
Qk + 14 608 AGGTCATCATTGGGTGA Exon o 14 -3124 3732

Rabl1fip2 Exon = 8 5995 GGGTGAGATAAAGGTCA Exon = 8 6099 -104
Rab39b Exon 7 410 GGGTCAAGAGAGGTTCA Exon 7 492 -82
Raphl Intron 7 -8272 GGGTCAAGTTAAGGTCA Intron = = 7 -1126 -7146

Rarb - 12 -303 GGTTCACCGAAAGTTCA + + 13 -52 -251
Rarb Exon i = & -4293 AGGTGAACACAAGGTCA Exon = i & -4316 23
Rbbp7 Exon - + 8 1280 GGGTCATAACCAGGTCA Exon & - 8 1283 -3
Rbm35hb Exon 2 = 8 -943 AGTTCAGGTAGAGTTGA Exon + 8 -2314 1371
Rbpl Intron = i 8 7034 GGGTCATCCTAAGTTCA Intron i = 8 5998 1036
Rnf10 Exon + - 8 -2326 GGGTGACAGAGGGGTCA Exon - + 8 -6394 4068
Rnf214 Exon 6 6752 GGTTCATCAGCAGGTGA Exon + 2 6 5981 771
Rorl Intron + & 12 -6573 AGGTCAAGCAGAGGTCA Intron + + 12 -6197 376
Rxrb Intron = i 8 -1559 AGGTCACTCAAAGGTCA Intron + = 8 -1884 325
Satl Exon + 8 -460 AGTTGATGGATGGTTCA Exon - + 8 -471 11
Sema3e Exon B i 8 63 AGTTCAGGCAGGGTTGA + - 8 -117 180
Sgk2 Exon - i 8 -1190 GGGTGAACTCTGGGTCA Exon = + 8 =755 -435
Shank3 Intron = 42 7 -620 GGGTCAGCGCCAGGTGA Intron = it 7 -2523 1903
Shf Intron 1L -6710 AGTTGACATTAAGGTCA Exon = = 1L -6489 -221

Slc22a5 Intron 9 -7623 GGGTGAAGCTCAGGTCA Intron + i 8 -7207 -416
Slc22a5 Intron o 8 -7756 AGTTCAACAAAAGGTCA Intron - o 7 -7343 -413

Slc25a23 Exon 8 -1767 GGGTCACGTCCAGGTGA Exon 8 -1912 145
Slc9a3 Intron + + 7 682 AGGTGACAGGAAGGTCA Intron - - 8 931 -249
Smyd5 Exon = & 7 -1309 AGGTCACATTGGGTTCA Exon = i 7 -1380 71

Sp7 Exon - - 8 -384 GGGTGACCCCAGGGTCA Exon - 8 -972 588

Srp68 Exon + & -633 GGTTGAGGGCCAGGTCA Exon 55 - 9 -692 59
Sspn + + 8 3592 AGTTCATCTATAGGTCA & + 8 5189 -1597
Tcf712 Intron < i 9 -2852 AGGTCAGAATCAGGTGA Intron - + & -1478 -1374
Tcfap2c i + 6 2676 GGGTCATGGGTGGGTGA + + 6 3016 -340

Tfg Intron - - 5] -1690 GGTTCAAGGTGAGTTCA Intron + + 9 -1666 -24

Tnkslbpl Exon i i 6 -2692 AGGTCAGT GGAGGGTGA Intron = = 6 -2816 124
Top2b Intron + + 8 1145 AGTTCAGACCAGGGTCA Intron - - 9 907 238
Trpcl = 6 304 AGTTCACATATAGTTCA Exon + + 6 -1225 1529
Ttc27 i 8 3495 AGTTGACTCAGAGGTCA - & 8 4339 -844
Wntl i 7 153 GGGTCATCCAAGGGTCA = i 6 85 68
Wnt5a Intron + + 10 1493 GGGTCACTGAGAGTTCA Intron = g 1239 254

Wil + + 13 -4329 AGTTGAATCTGGGGTCA = 13 4441 112
Wil Intron = i 10 7818 AGTTCACCCAAAGTTGA Intron & 10 8308 -490
Yesl Intron + + 8 3362 AGGTCACCTTCAGTTCA Intron - - 8 3781 419
Ypel5 Exon & i o] £2592 AGTTCAAGATCGGGTCA Exon ia & & -1891 -701
ZhthS Exon + - 5] -3813 AGTTCAAATGCAGGTGA Exon + 9 -4120 307

2Zdhhc3 Intron = 7 676 AGGTGAAGCTGGGGTCA Intron = 7 948 272
2fp503 Exon + - 13 1645 AGGTGATTGGAGGGTCA o 12 -91 1736
Zfp598 Intron s i 6 6048 GGGTCATGCCAAGGTCA Intron i 6 5149 899

FIGURE 5—continued

estingly, this analysis revealed that two RAREs are associated
to the RARB2, Wt1, and Cyp26A1 genes. However, only one
of the RAREs associated to the WtI and Cyp26A1 genes was
occupied in F9 cells, whereas both RAREs associated to the
RARPB2 gene were occupied. Of note is that for RARB2, the
RARE located in the promoter was more efficiently occupied
than the other one, located in an exon, increasing the com-
plexity of the transcriptional regulation of this gene in F9
cells.

Other occupied RAREs were associated to genes that are
already known as RA-responsive genes but for which no RAREs
had been identified yet. Among these genes are the “stimulated
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by RA” (Stra) genes such as Bhlhb40 (Stral3) (51), Tcfap2C
(Stra2) (52), and Meis2 (Stral0) (53), and zinc finger proteins
(Zfp598 and Zfp503) (8, 10). Note that three RAREs are associ-
ated to the Meis2 gene but that only two were occupied by
RAR/RXR heterodimers in F9 cells. The analysis also revealed
occupied RAREs associated to gene regulatory regions, which
were recently found to be occupied by RARs in ChIP-chip and
ChIP-qPCR experiments performed with other cell lines but
without any indication whether this occupancy was direct or
indirect through other bound factors (11). This is exemplified
by the RAREs associated to the Atxn2, Top2b, Wntl, and Wnt5
genes.
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TABLE 1

Numbers of occupied mouse DR5 RAREs in the initial list (15,925 pre-
dicted sites), the list of conserved 181 sites located =10 kb from TSSs,
and in the final list of 138 RAREs

For finding significant occupied sites, a cutoff p value of 0,00001 was applied. As a
control, the same strategy was applied to a random list of 15,925 sequences of 17 kb.

RAREs
Predicted Conserved Final list
F9 cells Random list (159,25) (181) (138)

Untreated 32 (0.2%) 691 (4%) 48 (26%) 39 (28%)
RA2h 62 1,109 49 45
RA 24 h 39 964 46 33
RA 48 h 85 1,523 (9%) 71 55
Total 112 1,791 (11%) 76 (42%) 58 (42%)

Most interestingly, a new repertoire of occupied RAREs was
found to be associated to new potential RA target genes encod-
ing transcription regulators (RXRB, Jmjd3, Foxa2), several
Homeobox genes belonging to clusters (Hoxa3, Hoxb3, Hoxd3),
galectins (Lgals2), membrane-associated proteins (Sema3e,
Abhd?2, Crygn), RNA-binding proteins (Cugbpl, Qk, Srp68,
Pcbp4), ATPases (Clpb), and proteins involved in cell death
(Sspn), neuronal functions (Agapl), developmental processes
(Otp), cell signaling (Raphl, Arpp2l, Zdhhc3, Cacnalg,
Camk2b, Ephb3, and Pld2), and cytoskeleton organization
(Ivnslabp). RAREs were also found associated to the tumor
suppressor HICI gene, the kallikrein-related peptidase 13
(KLK13) gene, the Myf6 gene, which belongs to the family of
muscle regulatory factors, and the Prss27 gene, which encodes a
membrane-anchored protease. Note that in the two latter cases,
the occupation of the sites decreased after RA addition.

The other RAREs of the bioinformatics list were not occu-
pied by RARs in F9 cells either in the absence or presence of RA.
However, as RAR binding relies on the cellular and/or physio-
logical context, one cannot exclude that these RAREs would be
occupied in other cell lines or tissues or in other species.

RA Regulation of the Genes Associated to the Selected RAREs—
Next we assessed whether the genes associated to the selected
RAREs are RA-regulated. Our in silico screen identified 138
DR5 RAREs, but taking into account that several RAREs were
found associated to a same gene, there are 129 potential RA-
regulated genes. First, the set of RA-regulated genes was ana-
lyzed by high throughput qPCR sequencing (RNA-seq) using
F9 cells for which we already had a list of 58 occupied DR5
RARESs. A list of 167 genes that were either induced or repressed
after a 4-h treatment with RA was generated after data normal-
ization and identification of the significant differentially
expressed genes (supplemental Table S5). This list was finally
reduced to 164 distinct genes after removal of the duplicated
genes.

Then this list of 164 RA-regulated genes was crossed with the
list of 129 RARE-associated genes raised in silico, resulting in
the selection of 9 RA-responsive genes common to the two lists
(Fig. 6). This list includes indeed the canonical RAR target
genes (Cyp26A1, RARB2, Rbpl, Hoxal, and Hoxbl). It also
includes two new Hox genes (Hoxa3, Hoxb3) as well as two new
Stra genes, Tcfap2C and BHBLH4. In F9 cells, for all these nine
RA-responsive genes, the associated DR5 RAREs were occu-
pied by RAR/RXR heterodimers, and this occupancy was
increased in response to RA (see Table 2).
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Note that several other genes that are not in our bioinformat-
ics list are activated in RA-treated F9 cells. However, some rely
on other DR elements (cdx1) and/or reflect the complexity of
Hox clustering (Hoxa5, Hoxb5, Hoxa4, and Hoxb2) (54-57).
Others are known RA-responsive genes (1, 58 —60) with DR5
RAREs (see supplemental Table S2) but are not conserved in
several species (Cyp26B1, Stra6, Stra8, Foxal, Gbx2/Stra7) or
are located out of the =10-kb limits (Gata6).

The RA-responsiveness of the genes we selected in silico was
also analyzed in qRT-PCR experiments performed with F9 cells
after RA treatment for different times up to 8 h. According to
the confidence of the quality of their annotation and sequenc-
ing, 49 genes among the 129 genes (supplemental Table 1) were
analyzed. This approach confirmed the RA inducibility of the
nine genes selected above (Fig. 7, A-D). Interestingly, it also
revealed that the inducibility of these genes increases with time
(Fig. 7, A-D). Moreover, some additional RAR-bound genes,
such as Meis2, KLK13, and HICI, can be also activated in
response to RA but with a low efficiency and at later times (8 h)
(Fig. 7, D and E), raising to 12 the list of RA-responsive genes
controlled by conserved DR5 RAREs and located 10 kb from
TSSs in F9 cells (Fig. 6).

Given that the RA response of target genes is well known to
be cell type-specific, the same qRT-PCR experiments were per-
formed with another RA-responsive mouse embryocarcinoma
cellline, the P19 cell line. As shown in Fig. 7, F-J, the same genes
were activated in response to RA, although with different inten-
sities and kinetics. As an example, the Hoxal and Meis2 genes
were more efficiently activated in P19 cells than in F9 cells. Note
that the Myf6 gene, which was not activated in F9 cells,
responded to RA in P19 cells (Fig. 7I), raising the number of
RA-responsive genes to 13.

Finally, as the RAREs controlling these 13 genes are highly
conserved between species (Fig. 5), we analyzed whether they
also responded to RA in other cell lines from other species such
as a human breast cancer cell line (MCF?7 cells) (Fig. 84) and a
zebrafish cell line (PAC2) (Fig. 8B). The Bhlhe40 gene was sig-
nificantly activated in MCF7 cells but not in zebrafish PAC2
cells. In contrast, Meis2 was strongly activated in PAC2 cells
and not in MCF?7 cells. These results are summarized in Fig. 9
and point out that the RA response of the new RARE-associated
genes we identified may vary from one cell type to the other and
from one species to the other.

DISCUSSION

Here we describe a genome-wide in silico analysis of consen-
sus DR5 RAREs with recurrent RGKTSA motifs. The advantage
of such a computational approach is that it overcomes the chro-
matin and cellular context and thus provides a direct glance on
the whole repertoire of possible RAREs. Moreover, the choice
of recurrent RGKTSA motifs was expected to expand this rep-
ertoire of RAREs.

This computational study revealed around 15,000 DR5
RAREs in the human and mouse genomes. Among these
RARESs, 24% are concentrated in regions located =10 kb from
the TSSs and the gene ends, and 5-7% are conserved in 6 organ-
isms or more. It also revealed that the degree of conservation of
the overall RAREs is not linear with time in the various verte-
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TABLE 2
RAR/RXR occupancy of the selected RAREs in F9 cells treated or not with RA (1077 w) for the indicated times
Occupied RAREs in F9 cells
Official gene name dTSS* Control RA2h | RA24h | RA48h
2310007D09Rik -3436
4121402D02Rik -5908
4632412N22Rik 1259
4930452B06Rik -459
4930562D19Rik 8578
6430527G18Rik -3426 + + + +
Abhd2 -1367 + + + +
Aco2 404
Actnd -1391 - + - +
Agapl -9441 - - ++ +
AiplL -2338
Alk 5054
Ankrd50 -1989
Ar -1258
Arpp21 -6279 - + - +
Atxn2 -561 + ++ ++ +
BC052040 -1662 - - - +
Bhlhe40 1556 + ++ ++ ++
Bmf -864 - - - +
Bmp7 4301
Brs3 115
Cacnalg 6105 + + ++ +
Camk2b -3030 + + + +
Cedc132 -8558
Ceno -5719
Cdcp2 663 - - - +
Cited2 574 - + - +
Clpb 5382 + + + +
Col24a1 292 - - - +
Crygn 3244 ++ ++ ++ +
Ctsk 2154
Cugbpl -379 + + - +
Cughp2 -5337
Cyp26al -31
Cyp26al -1898 ++ 4+ +++ +++
Diap3 -229
E130309F12Rik 745
Ebf3 -7615
Elf4 -7145
Enpp2 2163
Ephb3 -6596 + + - +
Esnrg -3113
Ext2 -7409
Fbxo30 -5674
Fit4 3918
Foxa2 8392 - + - +
Frapl -7491
Gabarapl2 522
Gprl49 -8572
Gria2 -6381
Gzmk -2144
Heyl -49 - - 5 +
Hicl 1444 + ++ ++ ++
Hiplr -2808
Hmbox1 48
Hoxal 1940 + +++ +++ +
Hoxa3 -6472 + + ++ +
Hoxa3 6064 + ++4+ +++ ++
Hoxbl 5100 + + ++ ++
Hoxb3 -6694 + - ++ ++
Hoxcd4 -5034
Hoxd3 -6731 - - + +
Hoxd4 2778
Hoxd4 2696
lvnslabp -187 - + + +
Jmjd3 4801 ++ ++ ++ +
Klk13 435 - + - +
Lgals2 -394 + ++ ++ +
Lman2l 6032

Occupied RAREs in F9 cells
Official gene name dTSS*  |Control RA 2h RA 24h | RA 48h
Lrrc29 -3339
Meis2 -7698 ++ + ++ ++
Meis2 -6268 + + ++ +
Meis2 -6129
MilL 1810
Mmp24 -1581
mmu-let-7¢-2 -3954
mmu-mir-10a -2566
Myf6 680 + - - -
Myo3hb -7559
Nkapl -386
Onecut2 9911
Osrl -988
Otp -415 + + ++ ++
Parp8 9175
Pchp2 -6347
Pcbpd 3290 + + + +
Pld2 -7034 + + - +
Polb -8806
Pou3fl 3357
Prnpipl -3868
Prss27 -148 + + - -
Ptch1l 6913
Ptchd1 -4895
Ptprj -917
Ptprj -7803
Qk 608 + +++ ++ ++
Rab11fip2 5995
Rab39b 410
Raphl -8272 + + - +
Rarb -303 + + - +
Rarb -4293 +++ - +++4 e+
Rbbp7 1280 + + - +
Rbm35hb -943
Rbp1l 7034 ++ + +H+ ++
Rnfl1D -2326
Rnf214 6752
Rorl -6573
Rxrb -1559 ++ + ++ ++
Satl -460
Sema3e 63 + + + +
Sgk2 -1190
Shank3 -620
Shf -6710
Slc22a5 -7623
Slc22a5 -7756 - - - +
Slc25a23 -1767
Slc9a3 682
Smyd5 -1309
Sp7 384
Srp68 -633 + + - +
Sspn 3592 - + + +
Tcf712 -2852
Tcfap2c 2676 - - - +
Tig -1690
Tnkslbpl -2692
Top2b 1145 - + ++ ++
Trpcl 304
Ttc27 3495
Wntl 153 + - + o
Wnt5a 1493 + + - +
Wil -4329 - + + -
Wil 7818
Yesl 3362
Ypel5 -2592
Zbth5 -3813
2Zdhhc3 676 - + - +
Zfp503 1645 ++ + ++ ++
Zfp598 6048 + - - +
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A 129 164
Bioinformatic list

RNA-seq list (F9 cells)

B Genes from the bioiformatic list that are RA regulated in F9 cells
Cyp26A1
Hoxa1
Hoxa3
Hoxb1
Hoxb3
RARp2
Rbp1
Tcfap2c
Bhlhe40

C other genes from the bioinformatic list that are RA-regulated later
and/or in other cell types
Hic1
KLK13
Meis2
Myf6

FIGURE 6. RA-responsiveness of the conserved DR5 RARE-associated
genes identified in silico as assessed by RNA-seq in F9 cells. A, shown are
Venn diagrams. B and C, shown is a summary of the RA-regulated genes.

brates and that the RA gene regulatory network is specifically
elaborated in specific groups. Surprisingly, this occurred spe-
cifically in placental mammals (eutherians) versus all mammals.
Indeed, 3-fold more RAREs are conserved in the former than in
the latter. As no major events of genomic reorganization are
known to have occurred at the base of placental mammals, this
elaboration might be specific to RA signaling.

Finally it provided a list of 138 RAREs located +10 kb from
TSSsand gene ends and conserved in 6 organisms or more. This
list includes the majority of known RAREs, validating the
restrictive criteria of our analysis. It also includes RAREs asso-
ciated to “stimulated by RA” (Stra) genes for which no RAREs
had been identified yet. The interesting point is that it provided
anewly expanded set of high confidence conserved DR5 RAREs
associated to a series of new genes involved in transcription, cell
signaling, development, neuronal functions, and tumor sup-
pression. The other interesting point is that in some cases, two
to three RAREs were found to be associated to a same gene (e.g.
Cyp26A1, RARB2, and Meis2), increasing the complexity of the
transcriptional regulation of these genes.

However, in silico identification of RAREs does not assure
their functionality. Therefore, we combined the present com-
putational analysis to experimental biology to determine
whether the selected RAREs can bind RARs (ChIP-seq) and
respond to RA (RNA-seq and qRT-PCR). Such an integrated
strategy performed with mouse embryocarcinoma cells (F9 cell
line) revealed that 11% of the 15,925 mouse RAREs present in
the starting list were occupied by RAR/RXR heterodimers.
Interestingly, this percentage increased to 40% in the final list of
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F9 cells P19 cells
A 120 F 100
o 80
80
3 60 —- CYP26A1
S 40 40 -8~ RARB
[ 20
£ _/,.——-./"
0 0
0 2 4 6 8 10 0 2 4 6 8 10
RA(h) RA(h)
B 10 G 10
2 8 8
3 6 6
<4 4 < RBP1
E 2 2
0 0
0 2 4 6 8 10 0 2 4 6 8 10
RA(h) RA(h)
C 40 H 40
2 == HOXA1
>
° -m- HOXA3
§ - 20 &~ HOXB1
¥ -« HOXB3
0 : 0
0 2 4 6 8 10 0o 2 4 6 8 10
RA(h) RA(h)

D s 5
BHLHE4!

2 4 4 —= 0
3 3 3 -=- HIC1
< 4 KLK13
3 2 2
[ i —« TCFAP2C
E o o e MYF6

0 2 4 6 8 10 0 2 4 6 8 10

RA(h) RA(h)

E 4 J 40
)
[
H
g : / 2 == MEIS2
© 4
£

0 0

0 2 4 6 8 10 0 2 4 6 8 10

RA(h) RA(h)

FIGURE 7. Real time RT-PCR analysis of the RA regulation of the genes
associated to the conserved DR5 RAREs identified in silico in F9 (A-E) and
P19 (F-J) mouse embryocarcinoma cells. The results correspond to the
mean = S.D. of three independent experiments.

conserved RAREs located +10 kb from TSSs, validating our
selection strategy.

Of note is that, in F9 cells, among the 58 occupied RAREs of
our final list, only 12 of the corresponding genes were rapidly
activated in response to RA. These genes include indeed the
canonical RA target genes (Cyp26A1, RARB2, Rbpl, Hoxal,
Hoxb1) as well as new Hox genes (Hoxa3 and Hoxb3), Stra
genes (Tcfap2c, Bhlhe40, Meis2), HICI, and KLK13. These 12
genes were also activated in another mouse embryocarcinoma
cell line (P19). However, some of them (exemplified by the
Bhlhe40 and Meis2 genes) did not respond to RA in human
MCF7 cells or in zebrafish PAC2 cells. In contrast, another
gene, Myf6, which was occupied but not RA-responsive in F9
cells, was significantly induced in P19 cells. This corroborates
that the RA regulation of target genes differs from one cell type
to the other (Fig. 9), most probably in line with their chromatin
context and final feature (differentiation or proliferation). In
fact, the majority of the genes associated to occupied RAREs
were not RA-regulated in F9 cells. This lack of RA response may
be due to the fact that the genes are already expressed (and thus
cannot be further stimulated). However, one cannot exclude
that RA regulation requires longer times as exemplified for
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A Human breast cancer cells (MCF7)

1000
800 1
600
—-CYP26A1
400
200 1
0
0 2 4 6 8 10
RA(h)
8
6 1 ~—MYF6
~8-BHLHE40
41 TCFAP2C
—eKLK13
2 1 1 —¥HIC1
| MEIS2
ol -

0 2 4 6 8 10
RA(h)

B Zebrafish PAC2 cells

30
20 ~¢CYP26A1
I
I ‘ } ;
10 1 X “-MEIS2.1
5
0 Xe
0 2 4 6 8 10
RA(h)
5
4
——MYF6
3
I ~5-BHLHE40
2
, R TCFAP2C
0 | : - . .
0 2 4 6 8 10
RA(h)

FIGURE 8. Real time RT-PCR analysis of the RA regulation of the genes associated to the conserved DR5 RAREs in human MCF7 (A) and zebrafish PAC2
(B) cells. The results correspond to the mean = S.D. of three independent experiments.

RA-target gene qRT-PCR validation in different cell lines Associated RARE(s)
Mouse F9 | MouseP19 | HumanMCF7 | Zebrafish PAC2 Number | conservation | Occupancyin F9 cells
Canonical DR5 RARE-associated genes
Cyp26a1 + + * + 1 14 =
2 8 4
Hoxa1 + i + ND 1 12 +4+
Hoxb1 + + + ND 1 13 )
Rarb + + ] Gene loss 1 12 el
2 9 ++
Rbp1 + + ND ND 1 8
New DR5 RARE-associated genes
Hoxa3 * + ND ND 1 14 +
Hoxb3 + + ND ND 1 14 +
Bhlhbe40 + + + - 1 12 ++
Tefap2c + L - - 1 6 +
1 14 ++
Meis2 + o - + 2 12 ++
3 8 -
Hic1 + + - ND 1 9 +
Kik13 + - - Gene loss 1 6 +
Myf6 - + - + 1 6 x

FIGURE 9. Recapitulation of the conserved DR5 RAREs that are RA-activated in mouse embryocarcinoma cells (F9 and P19 cell lines), human breast

cancer cells (MCF7 cells), and a zebrafish cell line (PAC2 cells).

Zfp503 (10), specific RARE-mediated conformational changes
of the bound RAR (61), and/or cross-talks with other signaling
pathways (12, 62), emphasizing the complexity of the RAR-
mediated regulation of gene expression.

Remarkably, the majority of the RAREs present in our in
silico list were not occupied in vivo in F9 cells. This is not sur-
prising, as RAR binding relies on the cellular and physiological
context and/or may require other cell specific transcription fac-
tors (12). Thus, one can predict that the other RAREs present in
the in silico list would be occupied in other appropriate cell
types or tissues with the corresponding genes being RA regu-
lated under specific conditions.

The final interesting point of this study is the identification of
6 RAREs that are conserved in all the 15 species studied. How-
ever, except the RARE associated to the Gria2 gene, all these

33332 JOURNAL OF BIOLOGICAL CHEMISTRY

RARE:s are located out of the =10-kb limits we defined. More-
over, none of the corresponding genes were RA-regulated in F9
cells, as assessed in RNA-seq experiments, except MeisI, which
was activated 24 h after the RA addition to F9 cells (10). Never-
theless, these genes are mostly developmental genes (36 —41)
that are expressed in specific cell types and tissues and at spe-
cific developmental stages. Therefore, they might be new mark-
ers of the RA response, valid at specific times, in specific tissues
from any jawed vertebrate species, opening new avenues for the
study of RA signaling during development.

In conclusion, the novelty of the present study resides in an
integrated strategy combining genome-wide biocomputing
analysis and biological experiments for discovering and charac-
terizing new RAR target genes and response elements. In addi-
tion to providing a wider valuable knowledge base for the anal-
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ysis of robust RA-responsive genes, such a strategy also brought
significant biological information. Indeed, it revealed (i) low
conservation of RAREs between human and mouse (6%) and
significant differences in the RA regulation of the highly con-
served RAR target genes between species. Thus, it suggests that
the RA response will differ from one species to the other as well
as from one tissue to the other and under different situations.
Finally, one can predict that the small set of conserved RAR
direct target genes would act as key effectors of evolutionary
steps.
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