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Resumen

La Biologia del Desarrollo estudia la formacién de un organismo complejo con cien-
tos de tipos celulares a partir de una tinica célula, el cigoto. Esto implica procesos de
proliferacién y diferenciacion celular. Los factores de transcripcion son clave en la
especificacion regional y diferenciacion celular, delimitando qué genes se activaran
en una célula concreta y confiriéndole por tanto su identidad.

Los genes Hox son una clase de factores de transcripcién implicados en desarro-
llo particularmente importante. Estin ampliamente conservados en el reino animal
y forman el niicleo del sistema molecular de formacién de patrén antero-posterior
en todos los animales bilaterales.

Ya que los genes Hox reconocen secuencias de ADN cortas e indistintas, sus
funciones de regulacién transcripcional requieren de la participacién de cofacto-
res. Los cofactores Hox pertenecen a la clase TALE, un conjunto de factores de
transcripcién con un homeodominio divergente. En mamiferos, hay tres familias
de cofactores Hox TALE: Meis, Prep y Pbx.

En esta tesis hemos abordado un andlisis a escala genémica de los sitios de
unién al ADN de la casi totalidad de los cofactores TALE presentes en el embrién
de ratén a estadio E11.5. Meis y Prep, que se comportan casi indistinguiblemente
in vitro, reconocen secuencias distintas en el embrién. Mientras que las secuencias
unidas por Meis sugieren que acttia principalmente como cofactor Hox, Prep pare-
ce unir ADN predominantemente en forma de heterodimeros con Pbx.

No sélo sus secuencias de unién tienen aspecto muy distinto. Las demads carac-
teristicas de sus sitios de unién son también muy distintas, sugiriendo funciones
divergentes. Prep une muchos promotores y estd asociado a la activacién trans-
cripcional de los genes afectados. En cambio, Meis une ADN en un patrén casi
aleatorio con respecto a los sitios de inicio de transcripcién. La conservacion filoge-
nética de los sitios de unién de Meis es extremadamente alta y muchos muestran
marcas epigenéticas caracteristicas de enhancers.

En los cuatro clusters Hox del ratén, Los sitios de unién de Meis, Pbx y Prep
tienen un patrén denso y restringido al extremo 3’, hasta el pardlogo 9. Los niveles
de los transcritos Hox estan afectados en mutantes de pérdida de funcién de Meis1
y Prep1 colinealmente y en sentidos opuestos.

En conjunto, nuestros resultados dibujan un marco en el que Meis y Prep es-
tan especializados funcionalmente. Mientras que Meis actta principalmente como
cofactor Hox, Prep une Pbx y acttia sobre promotores sin participacioén de las pro-
tefinas Hox. A menudo tienen efectos opuestos sobre la transcripcién, por ejemplo
en los clusters Hox.
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Summary

Developmental Biology studies the formation of a complex organism with hun-
dreds of cell types from a single cell, the zygote. This involves both proliferation
and differentiation. Transcription factors are key players in cell differentiation, se-
lecting which genes will be active in a particular cell, thus defining its identity.

The Hox genes are a particularly important class of developmental transcription
factors. They are widely conserved among animals and form the core of the molec-
ular system for antero-posterior patterning. Hox genes require cofactors to effect
their transcriptional regulatory functions. In mammals, there are three classes of
TALE Hox cofactors: Meis, Prep and Pbx.

In this thesis, we have undertaken a near comprehensive ChIP-seq analysis of
the genomic binding sites of the TALE Hox cofactors in the E11.5 mouse embryo.
We have found that Meis and Prep, which bind DNA similarly in vitro, have very
distinct binding preferences in the embryo. While the sequences bound by Meis
suggest that is is acting mostly as a Hox cofactor, Prep seems to bind DNA pre-
dominantly in heterodimers with Pbx.

Not only do they have distinct sequence preferences, but also bind genomic
sites with very different characteristics and, likely, functions. Prep, especially when
in combination with Pbx, binds a high number of promoters and activates tran-
scription. In contrast, Meis binds DNA with a nearly random distribution relative
to transcription start sites. Despite being remote from promoters, the phyloge-
netic conservation of Meis binding sites is extremely high and many of them bear
enhancer epigenetic marks in published datasets, suggesting they are highly con-
served enhancer elements.

Meis, Prep and Pbx binding sites show a suggestive pattern in the four murine
Hox clusters, in all of which Meis binds very densely to the 3’ portion with a clear
restriction to the region 3’ of the Hox9 paralog. Hox genes transcript levels are
affected in Meisl and Prepl loss-of-function models in a collinear and opposite
fashion.

Taken together, our results paint a picture in which Meis and Prep are function-
ally specialized. While Meis is mainly a cofactor for Hox genes, binding in concert
with them and Pbx to many highly conserved non coding elements, Prep binds
with Pbx but no participation of Hoxes to promoters and activates the correspond-
ing genes. They often have opposing effects on transcription, for example in the
Hox clusters.
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1.1. The Hox genes

Developmental Biology deals with the process by which a single cell, the zygote,
gives rise to trillions of specialized cells belonging to many different cell types that

function as a coordinated whole.

In the process from zygote to adult, that single original cell must proliferate to
spawn countless descendants. These descendants must also differentiate appropri-
ately according to their position in the body:.

The key to differentiation are transcription factors, proteins that bind DNA and
regulate the expression of nearby genes. By restricting active genes to the specific
repertoire required to differentiate a particular cell type, they are responsible for
that cell’s identity.

A very special class of transcription factors are responsible for translating and
refining the early positional information in the embryo into a system of regional
specification patterns. They are the Hox genes, and they are present in all bilaterian
animals with a similar genomic organization in most of them, homologous roles in

patterning and extreme sequence conservation.

1.1 The Hox genes

1.1.1 History of Hox Genes Study

William Bateson coined the term homeosis in 1894 to describe morphological vari-
ations in which a part of the body resembles another. Homeotic mutations thus
affect genes important for establishing body part identity. Several such mutations
were discovered during the era of classical genetics in Drosophila. Deletion of ul-
trabithorax (ubx), for example, results in a shift of the identity of the third thoracic
segment into second thoracic, as shown by the presence of wings instead of halteres
(Morata and Kerridge 1981).

After the work of many developmental geneticists culminating in Edward B.
Lewis” landmark paper (Lewis 1978) the basic rules of segmental specification in
Drosophila were extensively understood. There were a number of mutations known
to result in anterior to posterior transformations. It was known that these mutations
involved two clusters of linked genes, the Antennapedia Complex (ANT-C) and the
Bithorax Complex (BX-C). It was known that loss of function mutations produce
anteriorization of segmental identity while gains of function result in posterioriza-
tion.

Analysis of the phenotypes and their combinations indicated that there are two
corresponding gradients in the embryo: a proximo-distal gradient in the chromo-
some and a BX-C gene action antero-posterior gradient such that any gene active

in a segment is active in all segments posterior to it. These studies were performed
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1. INTRODUCTION

before in situ hybridization was developed or even the actual products of the genes

affected were known.

The work of Christiane Niisslein-Volhard and Eric F. Wieschaus expanded in
this solid foundation (Niisslein-Volhard and Wieschaus 1980). They performed an
extensive screen that identified many of the genes that would occupy developmen-
tal biologists for more than a decade.

After the cloning of the Drosophila BX-C (Bender et al. 1983) and ANT-C (Garber,
Kuroiwa, and Gehring 1983; Scott et al. 1983), it was noted that probes for antenna-
pedia (antp) cross-hibridized with several other genes contained in them, indicating
sequence similarity (McGinnis, M. S. Levine, et al. 1984). The stretch of homology
spans 180 base pairs, was called the homeobox and codes for a protein domain
called the Homeodomain (HD). The HD is even more conserved in sequence than
the homeobox and from the very beginning was suspected to be responsible for
DNA binding due to its high content in basic aminoacids (Gehring 1985).

Understanding of the homeotic selector genes and of animal development in
general underwent a revolution when, shortly afterwards, it was discovered that
the homeobox is present in vertebrates. In two papers published back to back, Car-
rasco and co-workers reported cloning of a Xenopus gene with homology to antp,
ubx and fushi tarazu (ftz) (Carrasco et al. 1984) while McGinnis and co-workers re-
ported the sequence of these three Drosophila genes and, strikingly, the presence
of homologs in several animal species far removed philogenetically from insects
(McGinnis, Garber, et al. 1984). In a context where no vertebrate genes control-
ling development were known, this must have been an earth-shattering revelation.
Suddenly a system well studied in Drosophila potentially played a role in shaping
the animals closest to us. It hinted at a deep underlying layer of similarity uniting
all complex animal body plans that had been unsuspected before, and that would
be confirmed and explored in the ears to come.

By the early 1990s, It was well established that the Hox clusters of vertebrates
and the Homeotic complex (HOM-C) of Drosophila were homologous. The colin-
earity of gene expression domains with respect to position along the chromosome
was long since described in Drosophila, and it had been recently reported that in
vertebrates there is additional colinearity with timing of gene expression and RA
sensitivity. Hox proteins were known to be able to bind DNA and suspected to
be transcription factors (reviewed in M. Levine and Hoey (1988); McGinnis and
Krumlauf (1992)).

A new stage in the study of Hox genes started focusing on their molecular func-
tion, through the use of homologous recombination in the mouse to generate loss
of function and in vitro techniques to characterize protein activity. The recent un-

derstanding of the high conservation of Hox gene function and organization across
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1.1. The Hox genes

Figure 1.1: The Organization of Hox Genes. In mammals there are four Hox clus-
ters, containing a total of 39 genes arranged in the same orientation in each cluster.
The Hox clusters of mammals are fairly compact and devoid of non-Hox genes.
Here the murine clusters are shown to scale.

most of the animal kingdom would aid by making findings in different model or-
ganisms directly translatable.

1.1.2 Cluster and Gene Structure

Drosophila homeotic genes are organized in two gene clusters, the bithorax (reviewed
in Lewis 1978) and antennapedia (reviewed in Kaufman, Seeger, and Olsen 1990)
complexes. The two of them form the HOM-C. The Drosophila "cluster" was the
tirst to be described, but in many aspects it is quite atypical. Both components
are located in the third chromosome of the fly but separated by about 10Mb, more
than one third of the total length of the chromosome. They are much longer than
their vertebrate counterparts. Several non-Hox-related genes are contained in the
ANT-C and not all the Hox genes share the same transcriptional orientation.

In mammals there are 39 Hox genes grouped in four tightly organized clusters,
each of which is homologous to the Drosophila HOM-C. There are 13 different sets
of homologous genes (paralog groups) but no cluster contains examples of all par-
alogs. The only paralog groups present in all clusters are 4, 9 and 13, homologs of
Drosophila deformed (4) and abdominal B (9 and 13).

For a more extensive comparative analysis of Hox clusters see Duboule (2007).

All Hox genes share a 180 bp sequence, the homeobox. The homeobox codes for
a 60aa DNA binding domain, the HD, related to the helix-turn-helix DNA-binding
domain of prokaryotes. It is constituted by a flexible Amino terminal (N-ter) arm
and three o-helices, the third of which slots into the major groove of DNA and
interacts with specific nucleotide residues. The specificity of this interaction is crit-
ically affected by aminoacid (aa) 9 of the recognition helix (Treisman et al. 1992).
aas 6 and 10 also contact DNA and are very conserved across HDs. Arginines at

5



1. INTRODUCTION

positions 3 and 5 of the N-ter non-helical portion of the HD also contact DNA on
the core recognition site, but in the the minor groove side. Arginine 5 is almost
invariant across HDs. Arginine 3 is present in Hox groups 2-8 and contributes to
a preference for TAAT sites. The presence of a Lysine in position 3 is characteristic
of the Abdominal B (abd-B) subfamily and probably contributes to its preference for
TTAT (see 1.4 for binding specificities).

The hexapeptide/linker/N-ter of the HD is present in all Hox non-abd-B-like
proteins (paralogs 1-8). Paralogs 9 and 10 have an alternative tryptophan-containing
motif N-ter of the HD. These motifs are relevant for Hox-cofactor interactions (for

more detail on Hox-cofactor interactions, see 1.3).

Transcriptional activator/repressor functions are mediated by domains other
than the HD and differ between paralog groups. The balance between activation
and repression is also influenced by Protein Kinase A (PKA) signalling (Saleh, Ram-
baldi, et al. 2000).

1.1.3 Regulation of the Hox Genes

Even before the discovery of the mouse Hox genes, it was already known that

Hoxes have complex patterns of auto- and cross-regulation.

Polycomb was described as early as 1978 as a repressor needed for the correct
expression of Hox genes (Lewis 1978). In addition, the trithorax complex is an epi-
genetic activator of gene expression that also plays a role in the proper expression

of Hox genes.

The first diffusible molecule to be described as a regulator of Hox gene expres-
sion was Retinoic Acid (RA) (Simeone et al. 1990), which shifts their expression do-
mains anteriorly. RA signalling is mediated by retinoid acid receptors and retinoic
X receptors. These are cytoplasmic proteins that translocate to the nucleus in the
presence of RA and activate gene expression by binding to Retinoic Acid Response
Elements (RAREs). A number of RAREs have been described in the Hox clusters
(e.g. Langston, J. R. Thompson, and Gudas 1997; Pépperl and Featherstone 1993).
RA also upregulates Pbx levels through post-transcriptional means (Knoepfler and
Kamps 1997) and Meis levels.

Krox20 is a Transcription Factor (TF) that plays an important part in establishing
Hox pattern in the rhombomeres of the vertebrate neural tube (Swiatek and Gridley
1993). Apart from Krox20, other regulators of Hox gene expression are Kreisler
(Manzanares, Cordes, et al. 1999), Cdx1/2 (Lohnes 2003), AP-2 (Ding et al. 2013;
Doerksen et al. 1996; Maconochie et al. 1999), and GATA-1 (Gosiengfiao, Horvat,
and A. Thompson 2007; Vieille-Grosjean and P. Huber 1995).
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1.2. History and general perspective of Hox cofactors

1.1.4 Downstream: the Need for Cofactors

An important aspect of the effect of Hox genes in development is called phenotypic
suppression (Gonzélez-Reyes and Morata 1990) or posterior prevalence (Lufkin et
al. 1991) and consists on the ability of more posterior (i.e. 5') Hoxes to suppress the
effect of more 3" Hoxes. It explains the tendency of loss of function mutations to
result in anteriorization while gain of function mutations usually result in posteri-
orization.

Hox genes are transcription factors. A simple view of their molecular effect is
that they bind DNA and activate or repress the transcription of their nearby genes.
However, all of the Hox HDs recognize slightly different variants of the same, very
short, DNA sequence, which is found thousands of times in the genome. This
begs the question of how different Hoxes recognize different, specific targets. This
question baffled biologists for years until the discovery of DNA binding partners
attenuated the contradiction (see Mann and Chan 1996). The Hox cofactors enhance
the specifity and affinity of Hox DNA-binding, thus providing a better explanation
for functional selectivity than DNA sequence recognition by Hox proteins alone
can provide. We will see however that the question is still far from resolved.

1.2 History and general perspective of Hox cofactors

Pbx was identified in Drosophila in 1990 as extradenticle (exd) (Peifer and Wieschaus
1990) and proposed as a Hox protein cofactor based on phenotype. In parallel,
it was identified as the DNA binding part of the chimeric protein produced by
the t(1,19) translocation found in human pre-B cell acute lymphoblastic leukemia
(Kamps et al. 1990). They were recognised as homologs in 1993 (Rauskolb, Peifer,
and Wieschaus 1993).

Meis1 (Myeloid ecotropic viral insertion site 1) was identified in 1995 as a proto-
oncogene locus in which the ecotropic murine leukemia virus is inserted in BXH-2
mice (Moskow et al. 1995). homothorax (hth) was identified as a Drosophila homolog
of Meisl required for exd nuclear localization (Rauskolb, Smith, et al. 1995; Rieckhof
et al. 1997).

Prepl (Pbx-regulating-protein 1) was identified in 1998 as a component of the
urokinase enhancer factor 3 capable of forming a DNA binding-independent het-
erodimer with Pbx1 (Berthelsen, Zappavigna, Ferretti, et al. 1998; Berthelsen, Zap-
pavigna, Mavilio, et al. 1998).

1.2.1 Philogeny: hoxes, tales

The HD is present in many genes other than Hoxes. Homologs of homeodomain

genes have been found as far from vertebrates as plants. Meis, Prep and Pbx are
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Figure 1.2: Structural domains of the TALE and Hox proteins.

part of a subgroup of HD proteins characterized by the presence in their HD of a
Three Aminoacid Loop Extension (TALE) that gives name to the class and is sit-
uated between a-helices 1 and 2 (Bertolino et al. 1995; Burglin 1997; Moens and
Selleri 2006; Mukherjee and Burglin 2007).

1.2.2 Structure of the TALE proteins

There are six distinct subgroups of TALE homodomain proteins in bilaterian genomes.
Of these, only 3 are known to be Hox cofactors.

These three groups, the PREP, MEIS, and PBC classes, share homologous se-
quences at their N-ter ends (Burglin 1998). These sequences, called HM-1 and
HM-2 in the MEIS and PREP classes and PBC-A and PBC-B in the PBC class, are
exclusive to the three Hox cofactor classes despite their being apart in the TALE su-
perclass philogeny (Mukherjee and Burglin 2007) and are responsible for much of
their Hox- and cross-interactivity (see 1.3 for more details). Several Nuclear Export
Signals (NESs) and Nuclear Localization Sequences (NLSs) have been reported in
Pbx and in Prep. TALE protein structure is summarized in Figure 1.2.

The PBC class is the most divergent within the TALE superclass. Members of
this class have a fourth o-helix 3’ to the HD (Mukherjee and Burglin 2007). Also,
residue 50 of the HD, the 9" of the 3" helix, is a glicine in the PBC class, in con-
trast to the long side chain aas in Hox proteins. This residue is important for base
selection by contacting the major groove of DNA.

Splicing Isoforms

Meis1 and Meis2 are spliced to produce two major isoform families in vertebrates.
These isoforms differ in their Carboxi terminal (C-ter) portion. Meisla, Meis2a and
Meis2b are all short-C-ter isoforms, while Meis1b, Meis2c and Meis2d encode a long-
C-ter isoform. Meis3 is similarly spliced. Both kinds of isoforms are responsive to
Trichostatin A (TSA) (an HDAC inhibitor) and PKA but the minoritary (under 10%
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in vertebrates) long-C-ter versions are much more potent transcriptional activators,
both constitutively and in response to TSA and PKA (H. Huang, Rastegar, et al.
2005; Irimia et al. 2011). DNA-binding and TALE/Hox interactions of Meis are
generally unaffected by splicing, since the HD and N-ter are constitutively spliced
in. There are minoritary HD-less isoforms in vertebrates and insects (Irimia et al.
2011).

The existence of splicing isoforms has also been reported for Prep. There are at
least two isoforms of Prep2, one of which contains the full N-ter including HM1
and HM2 but not the HD, while the other is the full-length protein (Haller et al.
2004).

1.3 Interactions Between the Hox genes and their TALE

cofactors

Pbx was the first of the three cofactor classes to be shown to bind DNA coopera-
tively with Hoxes (Chan, Jaffe, et al. 1994). Over the years, a number of protein
complexes involving two or more partners binding on the surface of DNA or inde-
pendent of it have been described. The picture emerging from two decades of in
vitro studies is complex.

1.3.1 Two-way Interactions

All three classes of TALE Hox cofactors have the nominal extension in their HDs,
but only Meis and Pbx proteins have been shown to cooperatively bind DNA with
Hoxes. Pbx was the earliest known Hox cofactor (Peifer and Wieschaus 1990). Its
binding to Hox proteins requires its HD plus the following 15 aas and the Hox
hexapeptide/linker/N-ter of the HD, which is an important determinant of DNA
specificity and ability to interact with Pbx, as shown by chimeric HD experiments
(Chang, Brocchieri, et al. 1996; Phelan and Featherstone 1997). The hexapeptide,
also known as YPWM motif, is present in paralog groups 1 to 8 (Chang, W. E. Shen,
et al. 1995; Passner et al. 1999). Paralog groups 9 and 10 can interact with Pbx
through an alternative ANW motif located just 5" to their HD (Chang, Brocchieri,
et al. 1996; W. E. Shen, Rozenfeld, Lawrence, et al. 1997). Paralog groups 11 to 13
cannot bind Pbx1a despite most of them containing tryptophan residues 5’ to their
HD.

Crystallographic structure determination of a Exd-Ubx-DNA complex (Passner
et al. 1999) and a Pbx1-Hoxb1-DNA complex (Piper et al. 1999) showed that Pbx
and the Hox component of the heterodimer bind DNA on opposite sides of the
helix. The N-ter linker (20 aas long in Hoxb1 and 8 aas long in Ubx) of the Hox
protein extends over the DNA so that the hexapeptide contacts Pbx directly, in an
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Figure 1.3: Hox-Pbx-DNA Complex structure. X-ray crystallographic determina-
tion of the structure of a Pbx1-Hoxa9-DNA complex, from LaRonde-LeBlanc and
Wolberger 2003. The Hox protein is labelled in blue and Pbx in orange, with their
hexapeptide tryptophan and TALE shown as spheres. The 3™ o-helices contact
DNA directly in head-to-tail orientation. The conserved tryptophan slots into a
hydrophobic pocket in Pbx partially formed by the TALE. The 4 o-helix in the
divergent Pbx HD can be seen at the extreme right. The N-ter linker in Hoxa9 is or-
dered and contacts the minor groove of DNA, in contrast to those in the other Hox
proteins crystallized, Hoxb1 and Ubx. The portions of Hox N-ter to the conserved
tryptophan motif and of the Pbx N-ter to the HD were not crystallized.

hydrophobic pocket partially formed by the DNA recognition helix in the Pbx HD
and by its TALE. There is also potential for the N-ter of the recognition helix of
Pbx to interact with the C-ter of the Hox recognition helix, since the two helices
are oriented head-to-tail and their ends are close. Later determination of an Abd-B
homolog, Hoxa9, in complex with Pbx1 and DNA showed very similar arrange-
ment of the proteins in the DNA (LaRonde-LeBlanc and Wolberger 2003). Despite
Hoxa9’s hexapeptide having a radically diferent backbone structure from Ubx’s or
Hoxb1’s, the critical tryptophan residue slots into Pbx1’s hydrophobic pocket in the
exact same position. One of the few differences between the determined structures
is that Hoxa9’s N-terminal linker is ordered, unlike Ubx’s or Hoxb1’s.

Meisl can bind directly Hoxes belonging to groups 9 to 13 through its C-ter

portion. This interaction greatly stabilizes Meis DNA binding, which may occur
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1.3. Interactions Between the Hox genes and their TALE cofactors

as homodimers in the absence of Hoxes or Pbx. The homeodomain of Hoxes is
necessary for binding to Meis, but further aas N-ter to the Hox HD are necessary to
stabilize the binding, at least in the case of Hoxa9. The part of Meis1 required for
Hox binding is located somewhere within the HD or the 38 following aas, which are
common to Meisla and Meis1b. The two main Meis isoform types thus do not seem
to differ in their protein or DNA binding characteristics (W. F. Shen, Montgomery,
et al. 1997; T. M. Williams, M. E. Williams, and Innis 2005).

Pbx and Meis can interact independently of DNA, and in vivo immunopurified
Pbx-containing complexes avidly bind the joint Pbx-Meis binding target (see 1.4),
suggesting that most of the Pbx in the cell is complexed with Meis or Prep (Chang,
Jacobs, et al. 1997; Knoepfler, Calvo, et al. 1997). This interaction is required for
Pbx/Exd to translocate to the nucleus (Rieckhof et al. 1997) and for stability of the
Meis/Hth protein (Abu-Shaar and Mann 1998). The Pbx Meis-interacting surface is
contained within its first 88 aas, N-ter to the point of fusion in E2a-Pbx1 chimeras
and within the PBC-A domain. The Meis Pbx-interacting surface is located be-
tween aas 30 and 60 (Chang, Jacobs, et al. 1997). The fact that Meis and Pbx interact
through their flexible N-ter arms results in non-strict position and orientation re-
quirements for their DNA targets, according to Jacobs, Schnabel, and Cleary (1999).

Prep binds Pbx independently of DNA through its N-ter conserved domains
and the portion of Pbx missing from the E2a-Pbx1 fusion (Berthelsen, Zappavigna,
Ferretti, et al. 1998), like Meis.

1.3.2 Trimeric Complexes

In addition to the heterodimeric complexes, a number of trimeric complexes have
been reported. In these, generally one of the protein partners does not bind DNA.

Meis and Pbx can form three-protein complexes with at least some of the Hox
proteins. Meisl can form ternary complexes with any of the Pbx’s and Hoxa9 in
vitro independently of DNA. Addition of Meis greatly enhances the Pbx-Hoxa9
interaction, which is weak in the absence of DNA (W. E Shen, Rozenfeld, Kwong,
et al. 1999). In this study it was also shown that the three proteins colocalize in
vivo in nuclear speckles, but surprisingly fail to activate or repress a transcriptional
reporter bearing their consensus DNA target.

Meis has also been shown to form trimeric complexes with Pbx and Hoxbl1.
These heterotrimers bound the Hoxbl ARE and the Hoxb2 r4 enhancer sequences
and required intact Pbx-Hox and Meis half-sites to bind DNA, but probably not
to assemble (Jacobs, Schnabel, and Cleary 1999). Formation of complexes was
checked to be dependent of the heterodimerization motifs of each protein com-
ponent, implying that Pbx is the hinge subunit that interacts with both Meis and

Hoxb1 at the same time. Addition of the three proteins resulted in cooperative
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Figure 1.4: Summary of TALE-Hox interactions.

transcriptional activation in a transient transfection reporter assay and in vivo lacZ
staining that depended on both Pbx-Hox and Meis recognition sequences, in con-
trast to W. F. Shen, Rozenfeld, Kwong, et al. (1999).

Trimeric Pbx-Meis-Hoxa9 complexes are required for Hoxa9-mediated immor-
talization of myeloid progenitors (Schnabel, Jacobs, and Cleary 2000).

Prep can form triple complexes with Pbx and a Hox protein as well. Co-transfection
of Prep1, Pbx1 and Hoxb1 resulted in additional activation of a Hoxb1 Auto-Regulatory
Element (ARE) reporter over Pbx1 and Hoxb1 alone (Berthelsen, Zappavigna, Fer-
retti, et al. 1998). This additional activation was independent of Prepl DNA bind-
ing ability but required its ability to bind Pbx. Prep1-Pbx1-Hoxb1 trimeric binding
has been directly demonstrated in vitro on sequences from the rhombomeric Hoxb1
ARE and on the Hoxb2 r4 enhancer (Ferretti, Marshall, et al. 2000). In the case of
the Hoxb1 ARE, a non-DNA-binding version of Prep1 was surprisingly required for

formation of the trimeric complex.
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1.4. DNA Binding Specifities

1.3.3 Interactions with Other Proteins

Pbx-Meis/Prep heterodimers have been shown to be able to bind DNA in con-
cert with E2a-Myogenin and E2a-MyoD heterodimers (myogenic Basic Helix-Loop-
Helix (bHLH) TFs) in the form of tetrameric complexes, as well as with Myogenin
alone. Hox proteins preclude this interaction, which requires a conserved tryp-
tophan in the bHLH TFs that is situated N-ter to its DNA-binding domain and
could therefore be mediated by the same hydrophobic pocket in Pbx as Pbx-Hox
interaction in a similar configuration (Knoepfler, Bergstrom, et al. 1999). Pbx-Meis
interaction with MyoD has been shown to be necessary for MyoD binding to the
Myogenin promoter, which results in chromatin remodelling and activation of Myo-
genin, suggesting recruitment of MyoD to heterochromatin by Pbx-Meis (Berkes et
al. 2004).

Pbx was shown to bind the pancreatic homeodomain protein Pdx1 through a
tryptophan motif similar to that of Pbx-interacting hoxes (Peers et al. 1995). Pdx1
can also form trimers with Pbx-Meis heterodimers. Pdx1 is critical for pancreas for-
mation and participates in the differentiation of islet and acinar pancreatic cells. Ex-
pression of Pbx1 and Meis2 and trimeric association with Pdx1 is specific to acinar
cells, representing a switch that changes the transcriptional effect of constitutive
Pdx1 binding at the Elal enhancer (Swift et al. 1998). The Pbx-Meis-Pdx1 trimer
activates transcription with a bHLH heteromultimer in the Elal enhancer indepen-
dently of Meis DNA binding (Y. Liu, MacDonald, and Swift 2001).

The Somatostatin promoter has been shown to be bound by Pbx1-Prep heterodimers
but not Pbx-Meis. This binding is necessary for Pdx1 to be able to activate Somato-
statin (Goudet et al. 1999). It is interesting that in the Somatostatin promoter, binding
of Pbx-Prep heterodimers was able to induce reporters driven by isolated compo-
nents of the regulatory sequence but not by the whole sequence, which required
the addition of Pdx1 for activation.

Another non-Hox homeodomain protein, Engrailed, has also been shown to
interact with Pbx through a conserved tryptophan N-ter to its homeodomain, with
an affinity comparable to Hoxes (Peltenburg and Murre 1996).

1.4 DNA Binding Specifities

The first homeobox proteins to be shown to be sequence-specific TFs were Ftz, En
and Eve (Desplan, Theis, and O’Farrell 1988; Hoey and M. Levine 1988; Hoey,
Warrior, et al. 1988). Two types of binding consensus sequence were described:
TCAATTAAAT and TCAGCACCG.

Ubx Chromatin Immunoprecipitation (ChIP) showed binding to sites contain-
ing a TAAT core (A. P. Gould et al. 1990). This study also showed that binding to

13



1. INTRODUCTION

sites containing very similar sequences can result in upregulation or downregula-
tion of transcripts, so the sign of transcriptional regulation is probably not encoded

in the core target sequence.

Exd was shown to bind cooperatively with Ubx to sequences in a dpp enhancer
(Chan, Jaffe, et al. 1994). In this study, fragments of Exd and Ubx containing their
HDs and C-ters were used. The reported binding sequences were ATCGAAATG
and ATAAAACAA. Exd increased Ubx DNA binding by greatly reducing its dis-
sociation rate. Surprisingly, a monoclonal antibody directed against the Ubx C-ter
stabilized this interaction as well, but Antp did not produce the same effect. How-
ever, when the interaction requirements were tested in the mammalian counter-
parts of Ubx and Exd, the resulting picture was quite different (Chang, W. F. Shen,
et al. 1995).

The vertebrate Hox HDs recognize a short DNA sequence of 4 nucleotides that
in most cases contains a TAAT core (Catron, Iler, and Abate 1993; Treisman et al.
1992). The nucleotides flanking the TAAT core affect binding differentially accord-
ing to the paralog group, but the magnitude of this effect is small. In addition, there
is a gradient of DNA affinity such that 3’ Hox HDs have higher DNA affinities than
5" ones (Pellerin et al. 1994).

The Pbx1 HD was shown to bind TGATTGAT (Van Dijk, Voorhoeve, and Murre
1993), but this could have been an artifact of the GST-HD fusions used. When Pbx-
Hox heterodimer DNA binding was tested extensively, it was found that the slight
differences in DNA selectivity shown by Hox monomers are exacerbated when
binding with Pbx and the preferred target sites shift for most of the complexes. The
Pbx-Hox consensus target sequence core is TGATNNAT, where the 5 TGAT part
is bound by Pbx and the 3" NNAT is bound by the Hox protein. The Hox core
nucleotides differ according to the Hox protein participating in the complex: 3’
Hoxes show highest affinity for a TGAT half-site, middle Hoxes (paralog groups 4-
7) bind a half site that matches the monomeric Hox site TAAT, and 5" Hoxes (groups
8 and higher) are very strict in their preference for a TTAT half site vis-a-vis other
NNAT variants, but are also able to bind TTAC (Chan, Ryoo, et al. 1997; Chang,
Brocchieri, et al. 1996; W. E. Shen, Rozenfeld, Lawrence, et al. 1997).

The TGATTGAT sequence has been shown to be bound by Pbx-Prep heterodimers
in the context of the Somatostatin promoter (Goudet et al. 1999). The A/TGATAAAT
sequence has been shown to be bound by trimeric Pbx-Meis-Pdx1 complexes (Y.
Liu, MacDonald, and Swift 2001).

The aa residues determining sequence specificity have been explored. One of
the most important is Arginine 5 of the HD, which is conserved across all Hox

proteins (Phelan and Featherstone 1997).

Meis can bind DNA in vitro in the absence of either Pbx or Hoxes. In this case
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Figure 1.5: Pbx-Hox heterodimer binding preferences. DNA binding preferences
for each paralog group of Hox proteins The width of each bar at each position
represents relative affinity of that paralog group for that sequence. In black, the
three major Hox half-sites. In grey, the most important secondary binding targets.
Thickness of bars indicates relative affinity. Adapted from W. F. Shen, Rozenfeld,
Lawrence, et al. (1997) and W. F. Shen, Montgomery, et al. (1997) to include data
from Slattery et al. (2011).

it recognizes a very strict consensus sequence, TGACAG, often in multiple copies
without a clear orientation or spacing (W. F. Shen, Montgomery, et al. 1997). This
target sequence is very similar to that of the TGIF family of TALE proteins, and
indeed Tgif binds DNA on the strand opposite to Meis and can compete with it
(Yang et al. 2000). Meis monomeric binding is highly labile despite being quite
intense in the steady state, which implies a rapid turnover of the bound protein.

Meis can also bind in complex with Abd-B-like Hoxes (groups 9 to 13), in which
case the heterodimer recognizes a sequence containing TGACAG and the AbdB-
like Hox targets TTAT or TTAC in a fixed spacing (W. E. Shen, Montgomery, et al.
1997).

When Meis binds DNA in a complex with Pbx, the preferred recognition tar-
get is the decameric sequence TGATTGACAG, containing a 5" TGAT target and a
3’ TGACAG Meis target (Chang, Jacobs, et al. 1997; Knoepfler, Calvo, et al. 1997).
Gapped configurations in which the TGAT and TGACAG half sites are spaced by
3 or 6 nucleotides have also been shown to bind Pbx-Meis heterodimers (Jacobs,
Schnabel, and Cleary 1999). Several Pbx-Hox target sites have been tested for bind-
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ing to Pbx-Meis, and the only ones to bind were those containing a G in position 5
of the Pbx-Hox target octamer.

Prep can bind DNA as a monomer, recognizing the same hexameric TGACAG
sequence as Meis (Berthelsen, Zappavigna, Mavilio, et al. 1998). In this study, Pbx1
interaction was shown to increase DNA binding but no change in specificity was
tested.

Prep can also bind DNA as an heterodimer with Pbx, in which case it recognizes
either the TGACAG monomer target or a Pbx-Hox canonical sequence, TGATTGAT
or TGATGGAT (Berthelsen, Zappavigna, Ferretti, et al. 1998).

Immunoprecipitation of Pbx, Meis or Hoxa9 complexes formed in vitro found
essentially the same TGATTTAT sequence regardless of the complex component
targeted (W. E. Shen, Rozenfeld, Kwong, et al. 1999). This is a consensus Pbx-Hox
binding site that Meis on its own is not able to bind.

Ternary Meis-Pbx-Hox complexes are able to bind the Hoxb2 r4 enhancer, which
contains a Pbx-Hox (AGATTGAT) and a Meis monomer target site (TGACAG),
both of which are necessary for trimeric binding (Jacobs, Schnabel, and Cleary
1999). The Hoxb1 ARE also contains a Pbx-Hox (TGATGGAT) and a Meis monomer
target site (TGACAG) and is likewise capable of binding by the trimeric Meis-Pbx-
Hox complex, requiring both sites for binding (Jacobs, Schnabel, and Cleary 1999).

Ternary Prep1-Pbx1-Hoxb1 complexes are able to target the same Hoxb1 r3 ARE
(TGATGGAT/TGACAG), but only if the Prep1 HD or the Meis/Prep target site are
eliminated. In contrast, they can bind the Hoxb2 r4 enhancer (AGATTGAT/TGACAG)
with the endogenous forms of the proteins, and the elimination of the Prepl HD
in this case results in reduction of DNA binding affinity (Ferretti, Marshall, et al.
2000).

Tetrameric complexes involving Pbx, Meis or Prep, and a pair of myogenic
bHLH TFs can bind a Pbx-Meis/Prep target site (TGATTGACAG) in a minimum
spacing of 3bp from an E-box (CAGCTG) (Knoepfler, Bergstrom, et al. 1999).

Several relatively recent studies have applied high throughput techniques to the
description of HD binding preferences. Two such studies managed to predict HD
DNA binding preferences from aa sequence alone by constructing mathematical
models based on affinity data for a wide selection of HDs. One tested the affinity
of in vitro translated HDs for all possible 10-nucleotide combinations present in a
protein binding microarray (Berger et al. 2008). The second used an specifically
designed bacterial one hybrid system to gather their starting data, affinity of HD
hybrids (Noyes et al. 2008). Although an impressive technical feat, the relevance
of the described monomeric binding affinities is doubtful especially in the case of
Hoxes, which change their affinity and specificity when binding DNA with their
cofactors.
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A later study overcame this limitation by restricting its test population to the 8
Drosophila Hox proteins and assessing their sequence preferences in complex with
the Drosophila Pbx ortholog Exd and the HM domain of the Drosophila Meis or-
tholog Hth. Slattery et al. (2011) combined the SELEX technique (Tuerk and Gold
1990) with massive sequencing and a sophisticated computational analysis to in-
fer sequence to affinity relationships for all possible 12-mers relative to each Hox-
cofactor complex. This study is not only the most comprehensive exploration of
Hox-Pbx DNA binding, but also the in vitro binding study that uses conditions
most relevant to the understanding of in vivo binding.

Slattery et al. (2011) reaffirmed the notion that Pbx-Hox complex specificity is
limited to an 8-bp long core, in which the 5" Pbx-binding half is almost always
TGAT and the 3" Hox-dependent half has three major variants (TGAT, TAAT, TTAT)
recognized preferentially by different subsets of Hoxes, but uncovered fine details
slightly divergent from the classical 1996-1997 studies:

* Lab and Pb (paralog groups 1-2) recognize mainly a TGAT half-site, but also
bind with comparable affinities other octamers: GGAT and CGAT for Lab,
and a TGACTAAT site for Pb.

¢ Dfd and Scr (groups 4-5) recognize TGAT, TAAT and TTAT with similar affini-
ties, but are also able to bind a wide variety of secondary half-sites, the most
characteristic of which is AAAT.

¢ Antp, Ubx, Abd-A and Abd-B (groups 6-13) have a high relative affinity for
TTAT, but are also able to bind the other two majoritary half-sites and a host
of secondary sites, including one specific for them, TGATTGAC.

However, all these consensus sequences represent the binding site for which
a particular Pbx-Hox heterodimer or Pbx-Meis-Hox trimer has the most affinity. It
may be that the important factor in vivo is not the affinity but the selectivity of a par-
ticular site that allows it to choose between many Pbx-Hox complexes. An example
is the Hoxb1 autoregulatory enhancer. It contains several Hox-Pbx binding sites, of
which one, R3, is highly specific for Hoxb1-Pbx1. In Drosophila, a similar sequence
is present in a labial (Iab) autoregulatory enhancer. Changing the sequence of this
Lab-Exd target to TGATTAAT switches the specifity to Dfd-Exd (Chan, Ryoo, et al.
1997). However, the TGATGGAT original sequence is not the maximum affinity
consensus for Lab-Exd (Mann and Affolter 1998; W. F. Shen, Montgomery, et al.
1997). The possibility that selectivity is more important than affinity is borne by
the fact that many HDs, despite having identical highest-affinity targets, differ in
their "secondary" target motifs (Berger et al. 2008).
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If this is true, then in vitro binding studies that consider individual Hox proteins
or at most combinations of a single Hox protein with different cofactors may not
represent the most relevant or the majority of functional interactions taking place

in vivo.

1.5 Expression Patterns

Prepl and Prep2 are ubiquitously expressed (Ferretti, Schulz, et al. 1999; Ferretti,
Villaescusa, et al. 2006; Reymond et al. 2002).
Pbx1, Pbx2, and Pbx3 are widely expressed, while Pbx4 expression is restricted
to both the embryonic and adult testes (Monica et al. 1991; K. Wagner et al. 2001).
Meis1 and Meis2 expression is similar, starts around gastrulation and is region-
alized (Cecconi et al. 1997; Oulad-Abdelghani et al. 1997; Tamplin et al. 2008).

1.6 Nuclear Localization of TALE proteins

The availability of TALE proteins in the cell nucleus has been shown to be regu-
lated and to have functional relevance in both vertebrates and insects (Mercader,
Leonardo, Azpiazu, et al. 1999).

The localization of Pbx/Exd is cytoplasmic in the absence of Meis/Hth and
nuclear in its presence. This is due to the presence in it of at least a NES and a
NLS. The NES and NLS have been mapped to aas 178-220 and 239-243 of Exd,
respectively (Abu-Shaar, Ryoo, and Mann 1999). These positions fall within the
PBC-B motif and the N-ter of the HD. Meis/Hth has a NLS that allows it to tar-
get NLS-deficient Pbx/Exd fragments to the nucleus (Abu-Shaar, Ryoo, and Mann
1999). Other reports have described an additional NES within PBC-A (Berthelsen,
Kilstrup-Nielsen, et al. 1999) and a NLS within the 3'd helix of the HD (Saleh,
H. Huang, et al. 2000). The nuclear/cytoplasmic balance can be altered by lep-
tomycin B, a nuclear export inhibitor, suggesting the role of Meis/Hth is to retain
Pbx/Exd in the nucleus (Abu-Shaar, Ryoo, and Mann 1999; Berthelsen, Kilstrup-
Nielsen, et al. 1999). Two somewhat overlapping models for nuclear trafficking
of Pbx/Exd have been proposed. The first considers a balance between NESs and
NLSs which gets tipped by binding to NLS-containing Meis/Hth or Prep (Affolter,
Marty, and Vigano 1999). The second, supported by point mutations of Pbx, im-
plies intramolecular interactions within Pbx/Exd between its N-ter and HD that
mask the NLSs and are disrupted by binding of Meis/Hth or Prep to its N-ter
(Saleh, H. Huang, et al. 2000).

Another regulator of Pbx subcellular localization is Nonmuscle Myosin Heavy
Chain (H. Huang, Paliouras, et al. 2003). Pbx binds it through its PBC-B domain
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and zipper (the Nonmuscle Myosin Heavy Chain Drosophila homolog) mutants show
increased cytoplasmic retention of Exd. When overexpressed, Zipper can even in-
duce cytoplasmic localization of Hth, presumably through Exd.

Prep also requires co-expression with Pbx/Exd for its nuclear localization (Berthelsen,
Kilstrup-Nielsen, et al. 1999). Cytoplasmic Prep?2 is associated with the actin and
microtubule cytoskeleton components and this cytoplasmic localization is depen-
dent on CRM-1-mediated nuclear export and the integrity of cytoskeletal networks
(Haller et al. 2004).

1.7 Functions and phenotypes

1.7.1 Knock-Out Phenotypes

Meis1 mutant mouse embryos die around E14.5 showing eye, angiogenesis and
hematopoietic defects, among others (Azcoitia et al. 2005; Hisa et al. 2004). Their
pervasive haemorrhages result from incomplete separation of the blood and lym-
phatic vasculature systems, which in turn results from failure of the megakary-
ocytic lineage (Carramolino et al. 2010). They also show a reduction in Hematopoi-
etic Stem Cell (HSC) populations in fetal liver, and cardiac malformation.

Prep1 Knock-Out (KO) embryos die early in development at E7.5 due to massive
epiblast p53-dependent apoptosis (Fernandez-Diaz et al. 2010). To circumvent this
obstacle to embryonic Prep function study, Prepl hypomorph (Prep1”) mice have
been generated. Prep1”' embryos produce around 2% of the Wild Type (WT) levels
of protein and die at E17.5 with eye, angiogenesis and hematopoietic defects, apart
from organ hypoplasia (Di Rosa et al. 2007; Ferretti, Villaescusa, et al. 2006).

Although the phenotypic alterations in Prepl”i embryos affect the same pro-
cesses altered in Meis1 KO embryos, they have different effects. The vasculature
defects are centered around the lymphatic valves in Meis1 KO but around the cap-
illaries in Prep1”'. The hematopoietic defects consist in total lack of the megakary-
ocytic lineage in Meis1 KO but in Prep1”' there is an incomplete maturation of ery-
throcytes. Those Prep1” embryos that escape embryonic lethality show defects in
T-cell development (Penkov et al. 2005).

Pbx1 deletion results in both hematopoietic (DiMartino et al. 2001) and pattern-
ing (Moens and Selleri 2006; Selleri et al. 2001) defects in mice. Many of these
defects phenocopy individual Hox mutants, and combined knockdowns of Pbx1
and different Hoxes indicate genetic interaction (Moens and Selleri 2006).

Pbx1/Pdx1 double heterozygous mice have defects in pancreas formation and
develop diabetes mellitus (Kim et al. 2002).

Zebrafish Pbx has been shown to be necessary for activation of fast muscle genes
by MyoD (Maves, Waskiewicz, et al. 2007) and cardiac expression of Hand2 (Maves,
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Tyler, et al. 2009). This results support the proposed "pioneer” function for Pbx
(Berkes et al. 2004) by which it would pre-occupy closed chromatin and enable its
targeting by chromatin remodelling-inducing factors, setting the range of permis-
sible sites for these factors. Such a pioneer functions has also been proven for Pbx

regarding the estrogen receptor (Magnani et al. 2011).

1.7.2 Involvement in Leukemias

While Meis1 alone cannot induce leukemia, joint overexpression of Meis1 and Hoxa7
or Hoxa9 is sufficient to induce myeloid leukemia (Nakamura et al. 1996; Schnabel,
Jacobs, and Cleary 2000).

The E2a-Pbx1 fusion protein resulting from the t(1;19) translocation induces pre-
B cell acute lymphoblastic leukemia (Kamps et al. 1990). This fusion protein is
able to bind DNA and to interact with Hoxes, but not with Meis or Prep. The
transcriptional activation domain from E2a turns it into a constitutional activator.

The portion of Prep1”' embryos that survive development and reach adulthood
develop spontaneous tumours or pretumoral lesions, revealing a role for Prepl as a
tumour-suppressor gene (Longobardi, Iotti, et al. 2010).

1.7.3 Other Functions

The TALE proteins have also been implicated in limb Proximo-Distal (PD) pattern-
ing. Meis1 and Meis2 are expressed in the proximal portion of the vertebrate limb
and their ectopic expression in distal limb induces nuclear translocation of nor-
mally cytoplasmic Pbx and distal to proximal transformations (Mercader, Leonardo,
Azpiazu, et al. 1999). Meis is downstream of RA, which is produced by the somites
and present in the limb in a PD gradient, opposing the apical ectodermal ridge-
produced FGF gradient (Mercader, Leonardo, Piedra, et al. 2000; Rosell6-Diez, Ros,
and Torres 2011).

Meis and Pbx are involved in cardiac development, as shown by semilunar
valve, ventricular septum and outflow tract defects in Meis and Pbx mutants (Stanku-
nas et al. 2008). Recently, Meis has been shown to be expressed and recruited to
enhancers during in vitro differentiation of cardiomyocytes, specifically at the car-
diac progenitor stage and apparently in combination with GATA factors (Wamstad
et al. 2012). Meis2 knockdown in Zebrafish results in failure of cardiac tube looping
(Paige et al. 2012).

Meis has also been recently implicated in mammalian neonatal heart regenera-
tion through cardiomyocyte mitotic arrest (Mahmoud et al. 2013). Specific deletion
of Meis1 in cardiomyocytes resulted in increased postnatal cardiomyocyte prolifer-
ation while overexpression resulted in decreased proliferation. Reporter constructs
showed regulation of Ink4b—Arf-Ink4a and p21 by Meis.
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1.8 ChlIP-seq

The ChIP assay consists of cross-linking of chromatin to preserve the non-covalent
interactions between proteins and DNA for biochemical assay. It was first de-
scribed by Solomon, Larsen, and Varshavsky (1988). For many years its application
remained confined to focused experiments (Mardis 2007).

The first genome-wide application of the technique was achieved by microarray
hibridization for determination of DNA fragment enrichment (ChIP-chip, Ren et al.
2000).

As massive sequencing has gone down in cost, its application to assaying ChIP-
enriched DNA fragments has increased. The ChIP-seq technique (Robertson et al.
2007) involves deep sequencing of DNA fragments followed by bioinformatic treat-
ment of the data to extract genomic regions bound by the factor of interest (peaks).
It provides better precision and less bias than ChIP-chip (see for example Rhee and
Pugh 2011) and has allowed the Genome-Wide (GW) determination of TF Bind-
ing Sites (BSs) and histone marks in an unprecedented number of cell types and
tissues, for example in the ENCODE project (ENCODE Project Consortium 2004;
ENCODE Project Consortium, Bernstein, et al. 2012; ENCODE Project Consortium,
Birney, et al. 2007).
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Two

Obijectives

Further study of how the TALE proteins exert their various physiological and patho-
logical effects is limited by sparse knowledge of their targets. DNA binding is a
core aspect of the function of any TF, but in the case of the TALE proteins we only
have GW data about their binding either in vitro or in cell lines. In this thesis, we
aimed to characterize TALE protein in vivo DNA binding requirements as deeply

as possible. We divided this aim into the following concrete objectives:

¢ Identify TALE protein binding sites in the genome during embryogenesis, as
the necessary first step.

® Characterize the binding sites with regards to their epigenetic and conserva-
tion features.

¢ Characterize the DNA sequences bound by the TALE proteins in vivo.
¢ Characterize the transcriptional effect of TALE protein binding.

¢ Characterize the combinatorial binding of the TALE proteins.
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Materials & Methods







3.1. ChIP-seq

3.1 ChIP-seq

3.1.1 Chromatin Immunoprecipitation

Chromatin immunoprecipitations were performed using standard methods with
anti-Prep1/2 antibody (N15, Santa Cruz Biotechnology, Santa Cruz, USA), anti-
Pbx1 antibody (4342) (Cell signaling technology, Beverly, USA) and a mix of anti-
Meis antibodies (K830, recognizing Meisla, Meis2a and Meis2b isoforms, and K844,
recognizing Meisla and Meis1b isoforms; both produced at CNIC, Madrid, Spain).

A single-cell suspension was prepared from E11.5 mouse embryonic body trunks
(total embryo without head, tail and legs) by crushing them against a cell strainer.
Approximately 5x107 cells were used for each immunoprecipitation. Cells were
cross-linked in complete medium (10% FBS) containing 1% formaldehyde for 10
min, and the reaction was terminated by addition of 125 mM glycine. Fixed cells
were washed three times (5 min each) in cold PBS and lysed in LB1 buffer contain-
ing 0.5% NP-40 and 0.25% triton X-100. Nuclei were then washed in LB2 buffer
(containing 10mM Tris-HCI pH=8 and 200mM NaCl) to remove detergents and re-
suspended in LB3 buffer, containing 0.1% Na-deoxycholate and 0.5% N-laurylsarcosine.
Chromatin was sonicated by 5 x 30 sec cycles at 30% of the maximum power of a
Branson 450 sonicator to generate 100-400 bp chromatin fragments. After clearing
by centrifugation, sonicated chromatin was incubated with antibody-bound pro-
tein A-conjugated magnetic beads (Invitrogen, Carlsbad, USA). For each IP we
used 10 pg antibody. Rabbit IgG IP was performed as negative control. After
overnight immunoprecipitation at 4°C the bound complexes were washed twice
in WB1 (50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton-X100,
0.1% Na-doexycholate), twice in WB2 (50 mM Hepes-KOH pH 7.5, 500 mM NaC(l, 1
mM EDTA, 1% Triton-X100, 0.1% Na-doexycholate) and twice in LiCl WB (10 mM
Tris-Cl pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM EDTA). Im-
munoprecipitated complexes were eluted from the beads by incubating for 30 min
in EB (2% SDS in TE) at 37°C. The eluted material was reverse cross-linked at 65°C
overnight and incubated for 1 h at 55°C with proteinase K. The obtained mate-
rial was extracted with phenol-chloroform and ethanol-precipitated. After RNAse
treatment, the DNA was purified with a Polymerase Chain Reaction (PCR) purifi-
cation kit (Qiagen, Netherlands). About 10 ng of immunoprecipitated DNA were
processed for sequencing.

3.1.2 Sequencing and Alignment

Chromatin-immunoprecipitated DNA was sequenced using an Illumina GAII ana-
lyzer. Single-end 36bp reads ( 120M for Meis and 40M for Prep) were first mapped
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with BWA software (H. Li and Durbin 2009) against mm9 version of the mouse

genome.

3.1.3 Peak Calling

Peak-calling was performed with the Probabilistic Inference for Chip-Seq (PICS)
algorithm (X. Zhang et al. 2011). The algorithm was used to identify genomic re-
gions with a high density of reads (peaks). These regions are an indicator of the
enrichment of immunoprecipitated DNA fragments for the TF of interest. PICS has
been demonstrated to perform well against other peak-calling algorithms such as
Model-based Analysis of ChIP-Seq (MACS) (Y. Zhang et al. 2008) and CisGenome
(Ji et al. 2011).

3.2 ChIP-re-ChIP

For ChIP-reChlIP the complexes were immunoprecipitated with anti-Pbx1 Ab, anti-
Meis (a 1:1 mix of anti-Meis1 and anti-Meisa) Ab or rabbit IgG (negative control)
and washed twice in WB1 and twice in WB2. They were then eluted from the beads
by incubating for 30 min at 37 °C in reChiP elution buffer (2% SDS in TE supple-
mented with 15 mM DTT). The obtained material was diluted 20-fold in ChIP di-
lution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH
8.0, 167 mM NaCl) and used for the second IP with anti-Pbx1, anti-Prep1/2, anti-
Meis antibodies or rabbit IgG. The second immunoprecipitation was performed as
described above.

3.3 Antero-Posterior ChIP

For comparison of Meis site occupancy between positions along the anterior to pos-
terior axis of the embryo, E11.5 embryos were dissected according to the diagram
in Figure 4.23. ChIP was performed as described on nuclear extracts from each of

the portion and the resulting chromatin de-crosslinked for PCR testing.

3.3.1 Primers

Proportionality of product amount to input concentration was tested along a range
of input DNA amount and number of cycles. 30 to 35 PCR cycles were chosen as
the optimal proportionality point and used for occupancy testing. Some primers
were found not to produce a satisfactory proportionality between input and output
and results discarded.
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3.3.2 PCR Conditions

Primers were designed for all Meis peaks in the Hox clusters using primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/)and targeting am-
plification conditions of 60°C and product length around 100pb.

3.4 RNA extraction

For RNA-seq, total RNA was purified from whole E11.5 mouse embryos (Prepli/ 3
Meis1 KO and wt control littermates of each). mRNA was purified and the library
for Illumina chromatin sequencing prepared according to the Illumina recommen-

dations.

3.41 Sequencing, Alignment and Fold Change estimation

mRNA samples were sequenced using the paired-end 50bp protocol. Reads ( 7M
per sample) were mapped and transcript expression estimated using RSEM (B. Li
and Dewey 2011). This program aligns the reads against a set of predefined tran-
scripts (in our case mouse ensemble 63 genebuild) and uses an expectation max-
imization algorithm to assign reads probabilistically to one of the isoforms of a
given gene. The quantification results from RSEM were then analyzed with the
Bioconductor package DESeq (Anders and W. Huber 2010), which fits a negative

binomial distribution to estimate technical and biological variability.

3.5 EMSA

Nuclear extracts were isolated from cells prepared from E11.5 mouse embryonic
body trunks as described (Longobardi and Blasi 2003). Briefly, cells were washed
twice with cold PBS, collected in 500 ul cold buffer A (10 mM HEPES, pH 7.9, 10
mM KCl, 1.5 mM MgCl2, 0.5 mM DTT, proteinase inhibitor cocktail), left for 10
min on ice, and lysed by adding Triton X-100 to a final concentration of 0.3%. Nu-
clear extracts were prepared by resuspending pelleted nuclei in 100 pl buffer C
(20 mm HEPES, pH 7.9, 25% glycerol (v/v), 0.42 m NaCl, 1.5 mm MgClI2, 0.5 mM
DTT, 0.5 mm EDTA, proteinase inhibitor cocktail) for 30 min on ice. The extract
was cleared by centrifugation. EMSA reactions were performed in 20 pl reaction
mix containing 10 mM Tris-HCl (pH 7.6), 0.5 mM EDTA 0.5, 0.5 mM EGTA, 5%
glycerol buffer, 80 mM NaCl, 1pg poly-dIdC, 1 mM DTT, 5 pg nuclear extract and
30,000 cpm of the 32P-labeled probe. When indicated, we added unlabeled probe in
50X excess or specific antibodies (4 ng) against Prepl/2 (N15, Santa Cruz Biotech-
nology, Santa Cruz, USA), Meis (1:1 mix of K830 and K844) or Pbx1 (P20, Santa

Cruz Biotechnology, Santa Cruz, USA). Reactions were carried out for 30 min at
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room temperature, and the complexes resolved by 5% non-denaturing PAGE. The
gel was dried and scanned in a phosphorimager. The following double-stranded
oligonucleotides were used, in addition to mutant versions as indicated in figures
and text:

Meis Peak 586 — HEXA:

5-AGGGAAGAGCCTGACAGATGACAGTTTCGAAAAA-3’

Meis Peak 313 — OCTA:

5-CAAATAACTGATTGATTGCGGTCGAGGCACATTG-3’

DECA: 5-GGCCTCGTGATTGACAGGCTCGCCG-3’

Meis Peak 1 — OCTA + HEXA:

5-ATGCTGTGACAGTGATAAATGACGGTGCAGAA-3’

Meis Peak 595:

5-AATTTAAGCAGTGATGAATGAGCTCGGCTG-3

Meis Peak 9:

5-TTTGGGTGACAAAGATGAATGGTCTATTGT-3’

Meis Peak 54:

5-GACAACCTCGCCTGTGATTGACCCCTGGAGTGG-3’

Prep Peak 1440:

5-AGGGGCCCGTGATTGACAGGCTGAACTACAGACT-3’

Meis Peak 857:

5-TTGCTGACAACTGACTGATAAATTATTTTCTGCT-3’

3.6 Bioinformatics

3.6.1 Motif Discovery, FIMO

For the identified peaks, de novo motif discovery was run to identify consensus se-
quences enriched in the selected regions versus the whole genome using rtGADEM
(L. Li 2009). While similar in its model to previous de novo motif finder algo-
rithms such as MEME (Bailey, N. Williams, et al. 2006), GADEM performs better in
large ChIP-seq experiments. Interestingly, tGADEM can identify dimer motifs lo-
cated close to each other. The algorithm reports probability weight matrices (PWM)
summarizing the consensus sequences identified in the peaks. (iii) We identified,
interpreted and annotated de novo motifs using MotIV (motif identification and
validation). MotIV compares the PWM of the identified de novo motifs with those
in the JASPAR TF database (http://jaspar.genereg.net)and provides a sig-
nificance level for the similarity. MotIV can furthermore report the distribution of
distances between pairs of motifs and the percentage of co-localized motifs within
the same peak, which might suggest cooperation between TFs. Steps (ii) and (iii)
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of the pipeline were run for the peaks identified for each TF separately and also for

peaks found for two or more TFs.

Individual instances of the core motifs within all peaks were searched with a
local install of the FIMO (Find Individual Motif Ocurrences) program from the
MEME suite (Bailey, Boden, et al. 2009) with default parameters (individual p-value
cutoff 10~%). The resulting files were parsed and the data added to the peak tables

using a custom Python script.

3.6.2 Exploratory Data Analysis

Peak overlapping, correlation with RNA-seq data and conservation data aggre-
gation were performed on the Galaxy bioinformatics platform (Blankenberg et al.
2010; Goecks et al. 2010). The set of peak coordinates for each factor was intersected
with the sets for the other factors, the nearest transcript expression data were added
to the tables, and the average conservation value (measured as the PhastCons 30-
way vertebrate score (Siepel et al. 2005) was aggregated over the length of each

peak with the aggregate genomic scores tool.

GC percentage count and literal motif match finding were performed using cus-
tom Python scripts (http://www.python.org/) run over the fasta sequence of
the peaks.

Genomic profiling of peaks was performed using custom Python scripts and the
CEAS (Cis-regulatory Element Annotation System) tool (Shin et al. 2009) within
the Cistrome package (T. Liu et al. 2011). Peak association with regulated genes
was estimated by calculating peak density per megabase in all Ensembl v63 nu-
clear genes, their promoters and close intergenic regions and comparing with the
corresponding values for genes up- or down-regulated in Meisl KO and Prep1"

embryos.

3.7 Statistical Testing

3.71 Random Expectations

For Octameric Motif (OCTA) motif variants, we considered the expected number of

i j
instances of a motif containing i G/Cs and j A/Ts tobe I,4yignt = Nx (P(CZ;C) ) x < P(‘;m ) ,
where I is the number of instances expected, N is the number of bases in the collec-
tion and GC and AT are the GC and AT fractions in the collection.

For the number of co-regulated genes, we considered a random expectation the

intersection of each of 4 pairs two independent sets.
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3.7.2 Tests Used

We estimated the significance of OCTA motif variants with a Poisson test in which
A equals the random expected number of instances.

Overlap between TALE factors and Hoxes was tested with x? tests of indepen-
dence applied to the relevant contingency tables, as was co-regulation of misregu-
lated genes in MEis1 and Prep1 deficient embryos.

Intron-exon ratio of TALE peaks versus GW intron/exon ratio was evaluated

with an exact binomial test.
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4.1. Characterization of TALE protein ChIP-seq Peaks

4.1 Characterization of TALE protein ChIP-seq Peaks

4.1.1 Immunoprecipitation and Sequencing

ChIP was performed in the dissected trunks of embryonic stage E11.5 C57BL/6
mice. The trunk and anterior head was selected as input material because this is
the main domain of Meis and Hox expression. ~120 million reads were mapped for
Meis and ~40 million each for Prep and Pbx1 ChIP-segs.

The antibodies used recognize most of the TALE protein variants found in the
embryo. For Meis, we used an antibody raised against the N-ter of Meisl that
recognizes both short and long C-ter isoforms of Meis1 combined with an antibody
raised against the C-ter portion of Meis that recognizes the short isoforms of both
Meisl and Meis2 (Meisla, Meis2a and Meis2b). For Prepl, we used an antibody
that recognizes both Prepl and Prep2. For Pbx, we used an antibody that only
recognizes Pbx1, so our study is not comprehensive for Pbx proteins.

4.1.2 Peak Calling

We initially attempted to call peaks from read data with the widely used MACS
algorithm (Y. Zhang et al. 2008). However, precision was very low, i.e. peaks were
about 2000pb wide. Visual inspection of the read profile revealed that, even when
the enrichment was clearly delimited and an obvious peak was visible, the peak
regions called by MACS extended far beyond the summit and even the base of the
peak. The mean peak profile for the highest enriched peaks is generated by MACS
in the process of defining an "archetypal" peak, which is later used as a reference to
score read accumulations. This profile, in our case, included obviously extraneous
adjacent regions where the read density was at genomic background levels. No
combination of parameters could refine the peak calling. We speculate that this
glitch might be due to the read numbers used in contemporary deep sequencing
experiments, much higher than those common when MACS was designed.

We then used the PICS algorithm (X. Zhang et al. 2011) for calling peaks from
read data. PICS produced much more precise peak calls than MACS. These were
used for all following analyses.

4.1.3 Overlap of Meis, Prep and Pbx1 peaks

5686 peaks were found for Meis, 3331 for Prep, and 3504 for Pbx1, for a total of
10326 non-redundant genomic regions. The overlaps between the three sets are
represented in Figure 4.1. The first conclusion from this analysis is that Meis over-
laps much less with either Prep or Pbx1 than Prep and Pbx1 with each other. 4837
of 5686 (85%) Meis peaks are Meis-Exclusive (Meis®*¢). Of the remaining 15%, 186
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Prep1

Pbx1

Meis

Figure 4.1: Overlap of Meis, Prep, and Pbx1 peaks. Venn diagram of the number
of Meis™“,Prep®©, Pbx1°*¢, Meis-Prep®™, Meis-Pbx1°°™ and Meis-Prep“™ peaks.
Areas of the circles are proportional to total peak numbers for Meis (red), Prep
(blue) and Pbx1 (green) peaks. Intersection areas are roughly proportional to the
number of Meis-Prep®™, Meis-Pbx1°°™, Meis-Prep®™ and triple peaks.

(3.3%) are Meis-Prep Common (Meis-Prep®°™), 444 (7.8%) were Meis-Pbx1 Com-
mon (Meis-Pbx1°°™), and 222 (3.9%) are bound by all three factors.

Prep and Pbx1 peaks overlap much more with each other than with Meis. Of
3331 Prep peaks, 1900 (57%) are Prep®€, 186 (5.6%) are Meis-Prep°™, 1023 (30.7%)
are Pbx1-Prep Common (Pbx1-Prep®™) and the 222 triple peaks represent the re-
maining 6.7%. For the 3504 Pbx1 peaks, 1821 (52%) are Pbx1%*¢, 444 (12.7%) are
Meis-Pbx1°°™, 1023 (29.2%) are Pbx1-Prep®™ and triple peaks represent 6.3%.

Triple peak Chip-reChip

Triple peaks showed the most obvious immediate interest, since they might repre-
sent Cis Regulatory Modules (CRMs) integrating inputs from all three factors. The
experimental result that three different factors are able to bind DNA on the same
genomic site can have two interpretations. The factors might bind simultaneously
in the form of a complex or to very close BSs on the same CRM. The other possibil-
ity is that, since our input chromatin is a nuclear extract from many different cell
types, the factors might bind alternatively, maybe competing for the same target
sequences.

To distinguish between the two possibilities, we performed ChIP-re-ChIP ex-
periments. In these, the output of a ChIP is used as input for a further round of
ChIP with antibodies against a different protein. In this way, the resulting DNA
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will be enriched specifically in fragments bound by the two proteins simultane-
ously. Results are shown in Figure 4.2.

We tested 6 double peaks and 16 triple peaks. All of them showed simultaneous
binding by at least two factors. The most frequent co-binding combinations we saw
were either Pbx1+Prep (10/17) or Pbx1+Meis (17/21). Of the 16 triple peaks we
tested, we saw Meis+Prep co-binding in only 2 (Meis peaks 56 and 3034).

These results suggest that Prep and Meis very rarely bind to the same genomic
site at the same time. Therefore, the 222 triple peaks probably represent instances
of competition between Meis and Prep for binding to Pbx1 and DNA.

4.1.4 Position of Bindings Sites Relative to Transcription Start Sites

The first step in the genomic characterization of peaks was to find the TSS nearest
to each peak. The gene set we used for this and all following gene-centric analyses
was Ensembl63, the latest version available at the time of mapping.

Distance between peak summits and TSSs was calculated using the TSS as po-
sition 0 and direction of transcription as + direction, in order to differentiate up-
stream and downstream peaks. Results are represented in Figure 4.3. We found
a clear concentration of peaks near TSSs for both Prep and Pbx1. Meis peaks, in
contrast, show very little concentration near TSSs, and a much higher proportion
of them is located at extreme distances from TSSs.
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Figure 4.3: Distance From Peaks to TSSs. The percentage of peaks in each category
over total factor peaks is represented in the Y axis. X axis categories are labelled
with the right limit of the interval, in bp. Red, Meis; Blue, Prep; Green, Pbx1.

4.1.5 TSSA,IG, CI, FI

In order to understand better the interplay between peak overlap and distance to
transcriptional units, we classified peaks into Transcription Start Site-Associated
(TSSA), Intragenic (IG), Close Intergenic (CI) or Far Intergenic (FI). The criteria for
the definition of TSSA were based on the results represented in Figure 4.3, in which
the enrichment in Prep peaks near TSSs is very clearly delimited between -500 and
+100 bp. Therefore, peaks located between -500 and +100 were considered to be
TSSA. Of the rest, those within the gene body were considered IG. We subdivided
intergenic peaks into CI (those outside the transcriptional unit but within 20kb of
the nearest TSS) and FI (further than 20kb away from the nearest TSS) because
of the difficulty of assigning potential transcriptional targets to peaks that are at

extreme distances from the nearest TSS.

The results of this classification are represented in Figure 4.4. There are obvious
differences specially in the proportion of TSSA peaks bound by different combina-
tions of factors. Meis and Pbx1 bind TSSs very rarely, either alone or in combina-
tion. In contrast, over 30% of Prep® peaks are located near a TSS, a proportion
that rises to 71.5% when bound in combination with Pbx1 (Pbx1-Prep®™ peaks).

Meis-Prep®™ peaks show a distribution intermediate between those of Meis®*¢
and Prep®“ peaks.

Intergenic peaks form the majority of Meis®™“ peaks: 45.7% of Meis®*® peaks are
exc

FI. Pbx1%*¢ and Meis-Pbx1°°™ peaks show a profile very similar to that of Meis

peaks. Triple peaks have a flat distribution in these four categories.
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Figure 4.4: Genomic location classes within each factor-binding profile category.
The peaks for each combination of binding factors were classified into TSSA, IG, CI
or FI categories. The resulting profile is shown here. ALL = total non-redundant
genomic sites. Pr = Prep®©, M = Meis®*¢, P = Pbx1%*¢, Pr-M = Meis-Prep®™, Pr-P =
Pbx1-Prep®™, M-P = Meis-Pbx1°°™, Pr-M-P = triple peaks.

Intron/Exon Ratio of Meis Peaks is skewed

We considered the IG peaks. 39.3% of the mouse genome is covered by introns
while 2% is covered by exons, which results in an intron/exon ratio of 19.65. The
corresponding percentages for Meis (39.9% versus 0.5%), Prep (24.9% versus 1.6%)
and Pbx1 (31.4% versus 1.6%) work out to ratios of 79.8, 15.56 and 19.63, respec-
tively. The difference was highly significant for Meis (p-value < 10~2°) but not for
Prep or Pbx1 (both p-values over 107 1).

4.1.6 Conservation Profiling

We analyzed the evolutionary conservation profile of peaks. For this analysis, the
peak summit was used as position 0 and the phastCons (Siepel et al. 2005) score
was averaged for equivalent positions of all peaks of each subset. PhastCons is
a measure of phylogenetic conservation that varies between 0 and 1 and roughly
represents the probability that a given base is a conserved element. PhastCons is
estimated from a hidden Markov model based on multiple sequence alignments
and is available precomputed in several genomic databases. The version we used

was 30-vertebrate phastCons.
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Figure 4.5: Conservation Profile of Peaks. PhastCons values at each position from
summit were averaged across all peaks in a subset and plotted. Peaks for Meis,
Prep, and Pbx1 are from this study. Peaks for Hoxc9 are from Jung et al. 2010.
Peaks for p300 in mouse embryonic forebrain were extracted from Blow et al. 2010.
Peaks for Polll are from Mahony et al. 2011. Other TFs in grey are CEBPA and
HNF4A (Schmidt et al. 2010), RAR (Mahony et al. 2011) and FLAG-tagged Meisl
and Hoxa9 in a leukemia cell line (Y. Huang et al. 2012).

The resulting profile shows that Prep and Pbx1 peaks have a high conservation
value near the summit that tails off to genomic average values. The maximum con-
servation value and the profile are very similar to TSSs marked by RNA Polymerase
IT (Polll) peaks from Mahony et al. (2011), which together with the previously men-
tioned high proportion of TSSA peaks within Prep and Pbx1 suggests a significant
portion of these may be promoters.

Meis peaks have a much higher conservation profile, approaching that of ge-
nomic regions bound by p300 in the embryonic forebrain. These p300 peaks rep-
resent the most conserved enhancers (Blow et al. 2010). The only other TF peaks
approaching this level of conservation that we have observed are, notably, those for
Hoxc9 in the embryonic spinal cord (Jung et al. 2010). Thus, genomic loci bound
by Meis are far away from TSSs but highly conserved, which strongly suggests
functional relevance.
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Figure 4.6: Histone Marks in Peak Subsets. A) percentage of peaks in each
genomic binding class that show promoter (RNApolll*; H3K4Me3*) epigenetic
marks. B) percentage of peaks for each factor that show enhancer (H3K4Mel";
H3K4Me3") or bivalent enhancer (H3K4Mel™"; H3K27Ac") histone marks.

4.1.7 Histone Marks

In order to study the correlation between the peak sets identified and known func-
tional genomic regulatory elements, we checked their association with histone post-
translational modifications. Different histone marks are associated with active and
inactive promoters and enhancers, and can therefore be used to identify functional
elements (Mikkelsen et al. 2007). In particular, RNApolll* H3K4Me3" marks pro-
moters, H3K4Mel" H3K4Me3™ marks enhancers and H3K4Mel* H3K27Act marks
bivalent (poised) enhancers (Creyghton et al. 2010).

We took advantage of the extensive, high-quality epigenetic data generated by
the Ren lab at LICR for the ENCODE project (Y. Shen et al. 2012). We chose the
source tissue that most closely resembled our sample, Mouse Embryonic Fibrob-
lasts (MEFs).

For all three factor peak sets, TSSA peaks showed a high level of overlap with
promoter epigenetic marks (between 43.8 and 58.6% of all TSSA peaks versus 0.38%
of the genome tagged RN Apolll" H3K4Me3*). Only Prep non-TSSA peaks showed
high association with promoter marks (around 17% for all non-TSSA categories).
Meis non-TSSA peaks had low levels of coincidence (between 1.7 and 4.2%) and
Pbx1 non-TSSA peaks had levels intermediate between those of Meis and Prep
(between 5.6 and 9.8%) (Figure 4.6a). Thus we conclude that TSSA peaks likely
represent bona fide promoters. In addition, many non-TSSA Prep peaks could in

fact be either undescribed or cryptic promoters or simply promoters not present in

41



4. RESULTS

the gene catalogue we used.

In contrast with promoter marks, enhancer (H3K4Mel* H3K4Me3") and biva-
lent enhancer (H3K4Mel* H3K27Ac") marks are much more associated with Meis
peaks than with Prep or Pbx1 peaks. 25.5% of Meis peaks bear enhancer marks.

4.2 Sequence analysis

Beyond the genomic location of the BSs of our factors of interest, we sought to
characterize the sequences they select in vivo, and then contrast the preferences of
each factor and compare them to their in vitro behaviour.

4.2.1 Motif discovery

We performed motif discovery on the peak sequences. In short, motif discovery is a
way to discover short sequences that are more frequent in a sequence dataset than
would be expected by chance. We used the tGADEM software, an implementation
of the GADEM (L. Li 2009) algorithm in the R statistical computing language that
integrates smoothly with PICS and produces a detailed and readable output.

We ran tGADEM with default parameters on the sequence of non-overlapping
subsets of peaks defined by their factor combination: Meis®*¢, Prep®°, Pbx1¢*c,
Meis-Prep®™, Meis-Pbx1°™, Meis-Prep®™ and triple peaks, separately. The re-

sults are shown in Figure 4.7.

4.2.2 Core Versus Accessory Motifs

The representation of motif distances to the peak summit shows a fairly clear dis-
tinction between two different motif classes: "core" motifs that tend to be located
near the summit of the peak and therefore shown a unimodal distance distribu-
tion, and "accessory" motifs that are depleted near the summit of the peak and thus
show a bimodal distribution.

Core motifs are likely to be bona fide factor recognition sequences. The fact that
they tend to be located at or close to the maximum confidence point for factor
binding, the summit, suggests that they are directly responsible for this binding.

In contrast, accessory motifs may be interpreted in various ways. Accessory
motifs might represent BSs for cofactors that collaborate in the binding. Alter-
natively, they could represent local DNA compositional biases that facilitate the
binding of the factors without interacting with them, for example by imparting a
certain curvature or groove topology to the stretch of DNA. They might also be
simply artifacts: if a subset of peaks is located preferentially in genomic regions

with particular DNA sequence characteristics, one would expect those characteris-
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Figure 4.7: All Motifs Found in Peak subsets. Sequence logos for every motif
found in each non-overlapping peak subset. "Core" motifs labelled in red. The
logos resulting from the motif definitions (PSSMs) which we selected as canonical
and used for directed motif search are highlighted in grey. The histograms to the
right of the sequence logo show the distribution of motif positions with respect to
the summit of the peak.
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tics to be reflected in the results of motif discovery, although they might not have a

direct effect on factor binding.

4.2.3 Core Motifs

Most of the core motifs we found are immediately recognizable from the litera-
ture on Hox cofactor DNA binding preferences and were identified in several peak
subsets. The motif we call Hexameric Motif (HEXA) corresponds to the canonical
monomeric Meis/Prep BS and is detected in the Meis®*“ and Meis-Pbx1°°™ subsets,
but surprisingly not in the Prep®“ or Meis-Prep“®™ subsets. The Octameric Mo-
tif (OCTA) fits the well-known Pbx-Hox heterodimeric BS and is present in all sub-
sets with Meis binding, even in those peaks in which we have not found evidence
of Pbx binding, such as Meis®*“ and Meis-Prep®®™. The Decameric Motif (DECA)
clearly resembles a heterodimeric Pbx-Meis or Pbx-Prep BS with a 5" TGAT Pbx
part and a 3’ Prep/Meis TGACAG part. We found an additional previously un-
reported bipartite motif that contains a DECA and a CCAAT sequence at a fixed
distance, which we have called Extended Decameric Motif (DECA®). DECA®t

only appears in motif discovery on Pbx1-Prep®™

peaks. In Pbx1°*¢ peaks we only
found one low complexity core motif that did not match any found in the literature
for Hox or TALE proteins, but might be related to accessory motifs found in other
subsets (see below). Because of its poor definition, we discarded it from further

analysis.

4.2.4 Accessory Motifs

Several intriguing sequences appear as accessory motifs. All subsets show variants
of a poorly defined sequence composed of Gs and As in no particular order: motif
4 in Meis®*¢, 3 and 4 in Prep®, 5 in Pbx1*, 3 in Meis-Pbx1°°™, 5 in Meis-Pbx1°°™, 4
in Pbx1-Prep®®™, 3 and 4 in triple peaks (Figure 4.7). It is interesting to note that this
represents DNA stretches in which one strand is exclusively populated by purines
and the complementary strand is only populated by pyrimidines.

Variants of a CTGnCTG sequence appear in many of the subsets. In Meis®*¢
peaks, motifs 3 and 5 to 8 all fit this consensus, as do motifs 1, 3 and 6 from Pbx1¢*¢
peaks. In the Meis-Pbx1°°™ subset, motif 6 and the reverse complement of motif
4 could represent variants of this consensus. This motif was found in a previous
report (Tijssen et al. 2011) and described as a "motif resembling an E-box". E-boxes
are binding sites for bHLH proteins, and the myogenic bHLH proteins have been
reported to be able to bind DNA with Pbx-Meis heterodimers (Berkes et al. 2004;
Knoepfler, Bergstrom, et al. 1999).

Another of the accessory motifs appeared in several subsets and has suggestive
connections in the literature. A CCCgCCC motif appears in the Prep®, Meis-Prep®™
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Figure 4.8: "Core" Motifs Expected in Peak subsets.

and Pbx1-Prep®™ subsets. It is very similar to the well known Sp1 binding site
(GGGGNnGGGG, Briggs et al. 1986).

4.2.5 Comparison with Expected Distribution of Motifs

Going forward, we focused on the core motifs. Their distribution across the sub-
sets defined by TALE protein binding was unexpected and reveals previously un-
noticed specificities in TALE protein in vivo site selection.

Our a priori expectation for the distribution of motifs, based on the extensive
literature on in vitro binding of the TALE factors, is represented in Figure 4.8. We
expected the HEXA motif to be prevalent in all subsets in which no Pbx1 was de-
tected: Meis®™, Prep®™°, and Meis-Prep®™. We expected the OCTA motif to be
present in all subsets with Pbx1 binding, and the DECA motif to be present in the
intersection of Meis/Prep with Pbx1. These expected motifs could have included
additionally all TGAT-containing motifs in Meis or Prep subsets, if many of those
peaks not bound by Pbx1 were instead bound by other Pbx proteins.

However, the actual results (summarised in Figure 4.9) diverged from our ex-
pectations. We found that the OCTA motif is present in all Meis-positive subsets,
included those that are Pbx1-negative. The DECA motif, conversely, is present in all
Prep-positive subsets, even in those that show no evidence of Pbx1 binding. HEXA
appears in both Meis®™“ and Meis-Pbx1°°™, but not in any Prep-positive subset.

4.2.6 Motif Frequencies

Motif discovery is a form of undirected search. Once having the motif definitions,
we performed a directed search using the FIMO program from the MEME suite.

45



4. RESULTS

Meis® Meis-Prep®m Prep1e°
AT AT TGACAG | TRATTAL. o TG | 1GA.+GaCac.
OCTA HEXA OCTA DECA DECA
Meis-Pbxem Meis-Prep-Pbx Pbx-Prep®m
. GA_.GaCa. CCAaT
T ATO'AI\”.T aca | TATEAT.. robale | DECA™
TRATAT= " e OCTA DECA 1A TAUAG. peca

oxt> (x(elrs. e

Figure 4.9: "Core" Motifs Found in Peak subsets. Sequence logos (Schneider and
Stephens 1990) for each core motif found in each peak subset. In a sequence logo,
the height of a letter is proportional to its frequency at that position and the height
of the total stack at each position is proportional to the invariance at that position
in the original alignment.

Directed search can reveal the presence of motifs in subsets were they are present
but not frequent enough to be detected by motif discovery. It also allows us to
quantify and compare motif frequencies.

The results are represented in Figure 4.10. HEXA is most frequent in triple
peaks, but it is not the most frequent core motif in any peak subset. OCTA is
the most frequent core motif in Meis® peaks, in triple peaks and in Meis-Pbx1<°™
peaks, where it is present in over 50% of the peaks. The special abundance of OCTA
motif in Meis-Pbx1°°™ reinforces the idea that these sites may represent Pbx-Hox
binding sequences. DECA and DECA® are very frequent in all subsets where
Prep is involved. This is especially marked in Pbx1-Prep®™ peaks, where HEXA
and OCTA are present in under 10% of peaks but DECA®! is present in over 70% of
the peaks. In general, Meis peaks tend to be OCTA-positive and to a lesser extent
HEXA-positive and Prep peaks tend to be DECA- or DECA®*-positive, and this

tendencies are exacerbated by co-binding with Pbx1.

4.2.7 EMSA on Core Motifs

To determine whether the identified core motifs are indeed capable of being bound
by the TALE proteins tested, we performed Electrophoretic Mobility Shift Assay
(EMSA) experiments on peak sequences containing each motif. In EMSA, the elec-
trophoretic mobility of a radioactively labelled DNA probe is measured in the ab-
sence and presence of purified proteins or a nuclear extract. A change in mobility
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Figure 4.10: Core Motif Frequency in Peak Subsets. Percentage of peaks in each
factor binding category that contain each core motif. Random represents average
values in sets of 5686 sequences with length distribution equal to Meis peaks. Pr =
Prep®, M = Meis®¢, P = Pbx1%*¢, Pr-M = Meis-Prep“°™, Pr-P = Pbx1-Prep®°™, M-P
= Meis-Pbx1™.
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Figure 4.11: EMSA Experiments on Core Motifs. A) EMSA on the core motifs
HEXA, OCTA, and DECA. Oligonucleotide sequences were taken from peaks con-
taining the aforementioned motifs, and mutated versions of these were use to con-
trol specificity of binding. Arrows indicate complex bands and asterisks indicate
super-shifted bands.

indicates protein binding to the probe. If an undefined protein mixture such as a
nuclear extract is used, super-shift experiments can be performed in which a spe-
cific antibody will further shift or inhibit the complex if it recognizes its target.
The result of EMSA experiments on core motifs is shown in Figure 4.11. EMSA
on probes from selected peaks showed that while Prep and Pbx can bind any of the
core motifs identified, Meis can bind the HEXA and OCTA sequences but can only
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Figure 4.12: Hox Peak Overlap. Overlap between Meis (red), Prep (blue) or Pbx1
(green) peaks and Hoxa2 (grey) or Hoxc9 (yellow) peaks. Areas of the circles are
proportional to total peak numbers. Intersection areas are roughly proportional to
the number of common peaks.

weakly bind to the DECA sequence.

4.2.8 Hox Peak Overlap

Only two ChIP-seq vertebrate Hox protein binding datasets have been published
that use antibodies against the endogenous proteins rather than tagged versions of
them (Donaldson et al. 2012; Jung et al. 2010). These studies characterized binding
of Hoxc9 in E13.5 embryonic mouse spinal cord (Jung et al. 2010) and of Hoxa2 in
E11.5 mouse embryo branchial arches (Donaldson et al. 2012).

Since the motifs found in our peaks suggest a pre-eminent role for Meis as a
Hox cofactor, we took advantage of the fact that the samples used are comparable
to ours to contrast our datasets to the ones published. The results are summarised
in Figure 4.12.

We found that, of the TALE factors we tested, Meis is the one that overlaps the
most with known Hox GW binding site datasets. 28.9% of our Meis peaks overlap
with either Hoxa2 peaks, Hoxc9 peaks, or both. The figures for Prep and Pbx1 are
8.1% and 12.6%, respectively. Moreover, the majority of Prep-Hox and Pbx1-Hox
peaks are also Meis peaks: 185/271 (68.3%) for Prep and 348/440 (79%) for Pbx1.

Surprisingly, Meis peaks bearing the OCTA motif are not much more likely to
overlap with Hox peaks than those that do not contain it: 842/2467 (34.1%) versus
801/3219 (24.9%), although this difference is significant (x? p-value = 2.46x10~14).
In contrast, Pbx1 peaks with the OCTA motif are much more likely to overlap
Hoxes: 245/554 (44.2%) versus 195/2950 (6.6%) (x> p-value = 1.04x107132). The
same is true of Prep peaks: 116/286 (40.6%) OCTA-positive peaks overlap Hoxes,
versus 155/3045 (5.1%) that do not (x? p-value = 1.04x10~%).

These data support the notion that most Meis peaks represent actual targets of
Hox binding and suggests that a subset of these could represent Meis-Hox interac-

48



4.2. Sequence analysis

tions in the absence of Pbx. Since binding sites of only two of the 39 Hox proteins in
the mouse embryo cover almost 30% of Meis peaks despite the samples not being
exactly equal, it is reasonable to hypothesize that additional Hox GW DNA-binding
datasets will eventually reveal most Meis sites as Hox DNA binding sites. We have
not seen a clear association of Meis binding sites with Hoxc9 rather than Hoxa2, de-
spite the fact that Meis can bind Hoxc9 but not Hoxa2 directly. In addition to this,
OCTA is more abundant than HEXA in Meis peaks, suggesting that Meis binding
to Hox through Pbx interaction without itself binding DNA is the most frequent

mode of meis interaction with Hoxes.

They also suggest that the most common cofactor for Hox proteins in the em-
bryo is actually Meis, rather than Pbx. This is surprising since only Hox proteins
in paralog groups 9 to 13 have been described to bind Meis directly, so other Hox
proteins would depend on Pbx for Meis complex formation.

4.2.9 OCTA Motif Variants

The OCTA motif, which we hypothesize represents binding sites for Hox proteins,
is an eight-nucleotide sequence with high variability in positions 5 and 6. Some
of the 16 possible matches have been shown to be able to bind Hoxes. Specific
variants are known to be preferentially bound in vitro by 3" Hoxes (TGATTGAT),
middle Hoxes (TGATTAAT) or more 5" Hoxes (TGATTTAT) (W. E. Shen, Rozenfeld,
Lawrence, et al. 1997; Slattery et al. 2011).

To study the correlation between TALE protein binding and OCTA motif vari-
ants, we quantified the representation of each of the 16 possible combinations of
nucleotides at positions 5 and 6. To do this, we calculated the expected number
of occurrences based on the nucleotide composition of the peak subset. Over-
representation is thus the ratio of actual motif instances found by literal string
matching to this expected number, for each OCTA variant and peak subset. Re-
sults are represented in Figure 4.13.

We see a clear pattern of over-representation. Most OCTA motif variants that
have been described to be bound by Hoxes are over-represented in the non-redundant
list of all peaks. Exceptions to this rule are WGATAGAT, WGATGCAT, and WGATC-
GAT. In contrast, all variants not described to be bound by Hoxes are not signifi-
cantly over-represented except WGATGAAT.

We do not see or see very little enrichment over random expectation of OCTA
variants in the subsets in which Meis is not involved (Prep®*, Pbx1°*¢, Pbx1-Prep®™).
The only clear exception to this is the WGATTGAT variant in Pbx1-Prep®®™ peaks.
This lack of OCTA enrichment is especially surprising for Pbx1°*¢ peaks, which we

expected would represent majoritarily Pbx-Hox binding.
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Figure 4.13: OCTA Motif Variants. Fold overrepresentation of A/TGATNNAT
variants in peak subsets. Variants known to be bound by Hoxes are marked in
brown, while those not known to be bound by Hoxes are marked in grey. Asterisks

mark values of overrepresentation over 5 with Bonferroni adjusted p-values under
1073

In contrast, all subsets in which Meis is involved show marked enrichment
of at least some OCTA variants. In Meis®“ peaks, the most enriched variant is
WGATTTAT, which appears over 30 times more frequently than would be expected
by chance and is described in the literature as the preferred binding sequence for
Hox paralog groups 6 to 10 in combination with Pbx. After WGATTTAT, the next
OCTA variants most enriched in Meis®* peaks are WGATTGAT and WGATGGAT.
WGATTGAT is the preferred binding target for Hox paralog groups 1 to 5 in com-
bination with Pbx in vitro. WGATGGAT has been described as a binding site in
vivo in the Hoxb1l rhombomere 4 ARE repeat 3. Also enriched in Meis®™* peaks are
WGATAAAT, WGATTAAT (preferred target for paralogs 3 to 7) and WGATGAAT.

Meis-Prep®™ peaks show a pattern of enrichment similar to Meis®*“ peaks, but
with higher levels of over-representation. The exception is the WGATAGAT vari-
ant, which is over-represented in Meis-Prep™ but not Meis® peaks.

The pattern of OCTA over-representation in Meis-Pbx1°°™ peaks is markedly
different from that of Meis®*“ peaks. General levels of enrichment are also higher.
In these, the most enriched variant is WGATTGAT, appearing over 55 times more
frequently than would be expected by chance. The next most enriched variants are
WGATGGAT and WGATTTAT, and then WGATTAAT. In this subset, WGATAGAT

is not significantly enriched. A number of undescribed variants are enriched at
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Figure 4.14: EMSA experiments on OCTA motif variants. EMSA was performed
on OCTA variants with anti-Hox antibodies. Arrows indicate complex bands and
asterisks indicate super-shifted bands.

moderate levels that are not over-represented in any other subset.

The over-representation pattern and levels in triple peaks are intermediate be-
tween those of Meis-Pbx1°°™ and Meis-Prep®™ peaks.

As expected, EMSA experiments on OCTA-containing peaks with anti-Hox an-
tibodies (shown in Figure 4.14) confirmed that these OCTA-containing peaks are
capable of Hox binding in vitro, and the relative affinities of the different Hox par-
alog groups tested matched well the OCTA variant preferences described in the
literature.

These results strongly suggest that many Meis peaks are Hox targets in vivo. If
they are indeed, it is difficult to reach conclusions on the preferred paralog groups
for formation of Pbx1-Meis-Hox complexes following Slattery et al. (2011), since
the OCTA variants most overrepresented in Meis peaks are those that are strongly
bound by a wide variety of paralog groups. The only exception to this is TGATG-
GAT, which is strongly associated with group 1 and is highly overrepresented in
Meis peaks, particularly in Meis-Pbx1°°™ peaks. However, the relative frequency
of specific Pbx-Hox target sequences in our data might be explained by the relative
abundance of Hox proteins in the input sample.

4.2.10 EMSA on TGATGAAT

The OCTA variant TGATGAAT has never been reported to bind Hox proteins or
Pbx-Hox heterodimers. Its overrepresentation in Meis®*¢, Meis-Prep™, Meis-Pbx1°™

and triple peak subsets suggested it could be a novel target for Pbx-Hox heterodimers.
We decided to test this possibility by EMSA.
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Figure 4.15: EMSA on the novel OCTA variant TGATGAAT. EMSA was per-
formed on oligonucleotides containing the novel OCTA variant TGATGAAT and a
mutated version, using antibodies for TALE proteins and the Hox proteins Hoxa9.
Arrows indicate specific complexes that were inhibited by addition of anti-TALE
antibodies. Arrowhead indicates a non-specific complex that forms on the mutated
version of the oligonucleotide on the left.

As shown in Figure 4.15, the antibodies against Pbx1, Prep and Meis all in-
terfered with complex formation on the WT sequence. Anti-Hoxa9 antibody inter-
fered weakly but clearly with the formation of the complex on both oligonucleotide
probes, showing the sequence is indeed a target for at least some Hox proteins. No
specific complex formed on the mutated versions of the sequence.

4.3 Transcriptional targets

In order to identify correlations between TALE factor binding and transcriptional
activity in the embryo, we obtained RNA from E11.5 Meis1 KO embryos, Prep1”:
embryos and WT littermates.

We found 855 up-regulated and 631 down-regulated genes in Prepl”! embryos,
and 210 up-regulated and 198 down-regulated genes in Meis1 KO embryos.

4.3.1 Co-Regulation

To estimate the level of co-regulation between Meis and Prep proteins, we com-
pared the number of genes that are mis-regulated in both kinds of defective em-
bryos, either in the same direction or in oposite directions.
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Figure 4.16: Misregulated Genes in Meis1/Prep1-Deficient Embryos. A) number
of genes up- or down-regulated in MeisT KO and Prep1” embryos, and coincidence
between sets. B) over-representation of co-regulated genes over random expecta-
tion.

The chance that a given gene is misregulated in MeisI-deficient embryos is
about 5 times higher if it is misregulated in PrepI1-deficient embryos and vice-versa,
as shown in Figure 4.16. All categories of co-regulation were over-represented com-
pared to random expectation. The most over-represented category, with 10 times
more genes than would be expected if the gene sets were independent, is composed
of genes that are up-regulated in Prep1” embryos and down-regulated in Meis1 KO
embryos, i.e., genes activated by Meis1 and repressed by Prepl.

4.3.2 Gene-Peak Correlation

We tried to establish how nearby binding events could be affecting the expressing
of misregulated genes. In order to do that, we calculated the Meis and Prep peak
density in TSSA, IG and ClI regions near misregulated genes and compared it to the
corresponding GW densities. The ratios are represented in Figure 4.17.

We found some significant correlations between TALE factor binding near genes
and misregulation of those genes in TALE factor mutants. Binding of Meis near the
TSS of a gene is associated to the gene being up-regulated in the Meis1 KO, i.e.,
repressed by Meis in normal conditions. Surprisingly, binding of Prep to IG or
CI regions is also associated to up-regulation in Meis1 KO, although the effect is
smaller in magnitude.

Genes down-regulated in the Prep1” embryo have a higher than average prob-

ability to show Prep peaks in their promoter, and Meis or Prep peaks within the
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We could not find association between binding in any region and down-regulation
in Meis1 KO or up-regulation in Prep1”.. It has to be noted that we did not knock-
out the full complement of Meis nor Prep genes in the embryo, so the weak corre-
lations between protein binding and transcriptional effect we report could be due
to redundancy with the rest of Meis/Prep factors. It could also mean that the re-
lationship is more indirect than a simple binding-activation/repression model, or

that we could not link the protein binding events to their actual target genes.

4.3.3 Gene Ontology

Since Prep or Meis binding in the TSSA or IG regions of a gene might be associated
to its transcriptional control by these factors, we performed Gene Ontology analysis

on all genes bound by Meis or Prep to gain insight into their general functions.

For both Meis- and Prep-bound genes, the most significant category was regu-
lation of transcription. That supports the view that the TALE proteins are master
regulators in the sense that they regulate the transcription of other regulators (TFs)
rather than effector genes.

Most other over-represented categories were consistent with known roles of
Meis1 (Nervous System Development, Heart Development, Embryonic Limb Mor-
phogenesis, Blood Vessel Development) or Prep1 (DNA Metabolic Process, Cell Cy-
cle, In Utero Embryonic Development) and generally suggested a framework in
which Meis1 has many functions in specific developmental programs while Prepl
is more involved in basal cellular processes.
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The Hox clusters are a genomic region of particular interest for the study of TALE

factor binding.

4.4.1 Distribution in the Hox clusters

We studied the read distribution in the Hox clusters (Figure 4.19). In all 4 Hox

clusters, Meis read density is much higher than in the surrounding regions, and

shows a concentration near the 3" end that extends to paralog 9 but no further.
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Figure 4.19: Read Density in the Hox Clusters. Meis ChIP-seq read density in the
four mouse Hox Clusters, represented as bar graphs.
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Figure 4.20: TALE Factor ChIP Peaks in the Hox Clusters. Arrowheads represent
peaks, black boxes represent transcriptional units. We have represented the short
isoform of each paralog 3 for easier orientation.

4.4.2 Peaks in the Hox Clusters

Plotting Meis, Prep and Pbx1 peaks in the Hox clusters (Figure 4.20) reveals a clear
restriction of TALE protein binding events in our sample to the region 3’ to paralog
9 in every cluster.

We found abundant Meis peaks in the Hox clusters (20 in HoxA, 13 in HoxB,
7 in HoxC and 8 in HoxD) and many fewer Prep or Pbx1 peaks (4, 4, 2, and 1 for
Prep; 8, 4, 2 and 0 for Pbx1). The HoxA cluster is clearly more bound by the TALE
Hox cofactors than the rest. All but one Prep and Pbx1 peaks in the Hox clusters
overlap with Meis.

It is notable that the border of Meis binding versus non-binding is located pre-
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Figure 4.21: Previously Described Hox Regulatory Sites. In each panel, the top
section represents the genomic neighbourhood (15kb), with peak positions marked
by arrowheads as in Figure 4.20. The bottom section shows a close-up (1kb) on the
described regulatory site, with motif instance sequences marked at their position
and peaks represented as solid bars covering their full span. Black bars represent
exons, gray bars represent introns or intergenic regions.

cisely at the 9t

paralog. It is one of the three only paralog groups conserved in
all four murine Hox clusters (the others being 4 and 13) and marks the transition

between non-abd-B-related Hoxes and abd-B-related Hoxes.

4.4.3 Hox Regulatory Sites from the Literature

Several auto- and cross-regulatory TALE protein BSs have been described in the
Hox clusters (A. Gould et al. 1997; Jacobs, Schnabel, and Cleary 1999; Lampe et al.
2008; Manzanares, Bel-Vialar, et al. 2001; Popperl, Bienz, et al. 1995; Tiimpel et al.
2007).

Of these 6 described regulatory sites, 4 show Meis peaks. 3 of the 4 also show
Pbx1 binding, and one of these three shows a Meis-Prep-Pbx1 triple peak. All of
them contain OCTA motifs. In three of the six cases HEXA motifs are present at a
short distance to the OCTA sequence.

4.4.4 Hox RNAseq

The subdivision of the Hox clusters regarding Meis is not restricted to DNA bind-
ing. We plotted transcriptional variations in Hox genes in the absence of Meis1 or
Prep1, from our RNAseq data.

While most of the transcriptional changes were too subtle to be significant indi-
vidually, the pattern is consistent across clusters and significant (p-value < 0.05).
In the absence of Meis1, 3" Hoxes tend to be overexpressed while 5" Hoxes tend to

be repressed. The opposite pattern can be seen when considering the expression of
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Hox genes in Prep1”/t embryos: 3’ Hoxes are generally very slightly repressed while
5 Hoxes are markedly overexpressed.

This pattern is surprising in at least two ways: Meis is more co-expressed with
3" Hoxes than with 5" Hoxes, so our expectation was that its lack would inhibit 3’
gene expression while maybe derepressing 5" Hoxes. At the same time, the largest
effect we detect in the transcription of the Hox genes is the overexpression of 5’

Hoxes in the absence of Prepl, a region where neither Prep nor Meis bind.

4.4.5 AP ChIP

The Meis peaks in a given Hox cluster could be occupied by Meis constitutively or
they could be occupied alternatively in different cells. Since our initial approach
can not distinguish between these two possibilities, we performed ChIP in embryo
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Figure 4.23: ChIP on Antero-Posterior Embryo Fragments. A) Band intensity of
rate-limited PCR on the Meis ChIP products with peak primers. Numbers denote
Meis peak number. For each peak, the left three lanes are PCR products from the
three inputs at the same DNA concentration. The right six lanes are PCR prod-
ucts of a fixed amount of control (IgG) or Meis ChIP DNA. B) Summary of the
results in A for the HoxA cluster. An absent arrowhead indicates no binding de-
tected, a light-colored arrowhead indicates positive but not predominant binding
compared to other embryo regions, and a dark-colored arrowhead indicates pre-
dominant binding.
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Figure 4.24: Meis Binding in Different Contexts. A) Venn diagram of the overlap
between Meis peaks in Meis trunk peaks, Meis eye peaks provided by Dr Paola
Bovolenta, and Meis HSPC peaks from Wilson et al. (2010). B) Conservation profile
of Meis peaks from different contexts

fragments. We dissected embryos along the Antero-Posterior (AP) axis and per-
formed Meis and unspecific IgG ChIP on the resulting nuclear extracts.

The resulting DNA was subjected to PCR using primers designed for amplifi-
cation of products centered around each of the Meis peaks in the HoxA cluster and
some peaks in other clusters, spanning approximately 100bp around each summit.
The PCR conditions were chosen so that the amount of product was roughly pro-
portional to the input. The results are shown in Figure 4.23.

We discarded those peaks for which the IgG bands were of uneven intensity and
compared the intensity of the bands for the rest of the peaks. As can be seen in Fig-
ure 4.23b, Meis peaks occupancy is limited in the anteriormost part of the embryo,
maximal in the middle section and skewed towards 5" peaks in the posteriormost
part of the embryo.

4.5 Meis Contexts

We are interested in what determines transcription factor binding. In order to gain
insight on the binding preferences of Meis in different contexts, we took advantage
of a published ChIP-seq dataset for Meis in HSPCs (Wilson et al. 2010) and a ChIP-
seq dataset for Meis in the developing (E12.5) eye kindly provided by Dr Paola
Bovolenta.

We first checked the overlap of Meis BSs in different contexts, shown in Figure
4.24a. A surprisingly low (45/18087, or 0.25% of all non-redundant genomic re-
gions) number of peaks are present in all three data sets, indicating that Meis has
a GW pattern of binding that is highly context-specific. The conservation profile of
Meis peaks, shown in Figure 4.24b, Is also different in these three tissues — neither
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Figure 4.25: Motif Discovery on the Sequences of Meis Peaks from different con-
texts. Motif logos and histograms for motif position within peak for Meis trunk
peaks, Meis eye peaks provided by Dr Paola Bovolenta, and Meis HSPC peaks
from Wilson et al. (2010).

in the developing eye nor in HSPCs do we see the extreme conservation of binding
locations from the embryonic trunk.

When we compared the locations of peaks relative to TSSs, we found further
differences. Meis eye peaks, like trunk Meis peaks, are seldom located in pro-
moters (75/5361, or 1.4% of all Meis eye peaks). In contrast, HSPC Meis peaks
are clearly enriched in promoters, although not to the degree of Prep® peaks:
1037/8386 (12.4%) of Meis HSPC peaks are TSSA. This parallel between Meis in
the devoping eye and trunk with contrast to Meis in HSPCs extends, intriguingly,
to the imbalance of IG peaks between exon and intron peaks: while the Meis eye
peaks are excluded from exons like the trunk peaks (intron/exon ratio of 37.2%
versus 0.6%, i.e. 62.06, compared to a Meis trunk ratio 79.8), HSPC peaks have an
intron/exon ratio of 25.86 (1.7% versus 43.8%), which is close to the genomic aver-
age of 19.65.

We then performed an unsupervised motif discovery as with the subsets of
Meis, Prep and Pbx1 trunk peaks. We used the same parameters as earlier, but
for trunk peaks we used the whole set. The results are in Figure 4.25. In both HSPC
and eye peaks, the main core motif is HEXA. In the eye, which is a Hox-free en-
vironment, it is not surprising that Meis does not bind OCTA sequences, but no
sign of DECA is found. DECA could be expected if it was bound by Pbx-Meis
heterodimers in the absence of Hoxes.

In HSPCs, there is not obvious binding to OCTA sequences despite the fact that
several Hoxes are expressed at high levels. There are also noteworthy accessory
motifs. In Figure 4.25 m6, m4 and m9 from HSPCs are old acquaintances; mé6 is very
similar to the Pbx1*¢ subset core motif, which as mentioned above is also present in
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several variants in Meis®*¢

peaks, and has appeared in several hematopoietic ChIP-
seq reports such as Tijssen et al. (2011). Its profile in Meis HSPC peaks is interesting
because it seems a hybrid of that which would be characteristic of accessory and
core motifs.

HSPC m4 is similar to the CCCgCCC motif we detected in all single- or double-
factor trunk peak subsets with Prep participation. This motif is similar to the bind-

ing site of Sp1 and Klf4, both of which have functions in hematopoiesis.
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5.1. Meis vs Prep

The results presented here represent the first near-comprehensive GW view of
TALE family proteins BSs in the vertebrate embryo. As such, they deepen our
understanding of the target sequences and modes of action of these Hox cofactors,

and raise interesting questions that will have to be addressed in further studies.

5.1 Meis vs Prep

To date, the general picture revealed by in vitro studies of Meis and Prep molecular
function has revealed very few differences between them (see for example Moens
and Selleri 2006, where they are considered interchangeably). Both can bind Pbx
directly (Knoepfler, Calvo, et al. 1997; W. E. Shen, Montgomery, et al. 1997), both
recognize very similar sequences (Chang, Jacobs, et al. 1997; Knoepfler, Calvo, et
al. 1997), both can participate in trimeric complexes with Pbx and Hox proteins
(Berthelsen, Zappavigna, Ferretti, et al. 1998; W. F. Shen, Rozenfeld, Kwong, et al.
1999), and both can activate the transcription of promoters containing their tar-
get sequences (Berthelsen, Zappavigna, Ferretti, et al. 1998; Jacobs, Schnabel, and
Cleary 1999). Only two clear differences at the molecular level have been estab-
lished: the first is that Meis is resposive to TSA and PKA signalling (H. Huang,
Rastegar, et al. 2005) while Prep is not. The second is that Meis is able to bind some
Hox proteins directly without the participation of Pbx, while Prep is not (T. M.
Williams, M. E. Williams, and Innis 2005).

However, their general biological functions are quite different. The MeisI mu-
tant has defects in hematopoietiesis and organogenesis. Prep, in contrast, is critical
at a much earlier stage than Meis in functions apparently more basal, although
the Prepl hypomorphic mutant survives to E17.5, when it dies with a phenotype
similar but distinct to that of the Meis1 mutant (Di Rosa et al. 2007; Ferretti, Villaes-
cusa, et al. 2006). One partial explanation of this functional difference is that while
the Prep genes are expressed ubiquitously, Meis genes have restricted and dynamic
expression domains. However, if they were completely interchangeable the expres-
sion of Meis in territories that already express Prep should be redundant. This is
clearly not the case. Indeed, regarding their involvement in cancer, Meis and Prep
actually have effects in opposite directions: Meis1 is a proto-oncogene that can in-
duce leukemias by over-expression, while Prepl is a tumor suppressor gene (lotti
et al. 2011; Longobardi, Iotti, et al. 2010; Moskow et al. 1995; Thorsteinsdottir et al.
2001; Wong et al. 2007).

The work described here provides another foundation for explaining the func-
tional differences between Meis and Prep. The near-comprehensive catalogue of
TALE factor binding sites will be a useful resource in itself for us and other groups

when considering mechanisms and mediators of Meis, Prep and Pbx effects.

65



5. DISCUSSION

The in vivo binding sequence preferences we have described will guide the un-
derstanding of TALE protein control of expression of downstream genes. A DECA
or DECA® sequence found to act in a promoter should be suspected primarily
of being bound by a Pbx-Prep complex. Functional OCTA sequences located in
enhancers should be considered as likely candidates for regulation by Meis and
Hoxes, with or without the participation of Pbx.

Although only a few of the peaks we describe are triple Meis-Prep-Pbx binding
sites, they could represent the points of input into jointly regulated systems. Meis
and Prep could be collaborating or antagonizing each other. The fact that in almost
all of the triple peaks we have assayed there is no simultaneous binding of Meis
and Prep means that, in most cases, Meis and Prep compete for binding to the
same sequences. In practice that would mean Meis displaces the ubiquitous and
pre-existing Prep in some or all of the cells in which it is expressed.

5.2 Binding Preferences

Despite their very similar binding behaviour in vitro, Prep and Meis have shown
radically different binding sequence preferences in vivo in our study.

This study is the first detailed view and comparison of TALE protein in vivo
BSs. Only a few target sites were known previously. These have been invariably
been regulatory sites located near genes. In contrast, our unbiased GW search has
revealed striking differences in TALE protein promoter and enhancer occupancy.

Meis binds thousands of extremely conserved gene-remote regions, a high pro-
portion of which show enhancer chromatin marks in comparable cells. It seems
reasonable to conclude that many of these sites are enhancers, at least some of
which are inactive but "poised". Poised enhancers have been suggested to rep-
resent the range of responses available to a cell (Creyghton et al. 2010) and could
represent a developmental path restriction by the TALE system which would be
later narrowed down by the participation in TALE-Hox complexes of subsets of
Hox proteins available in different cells.

Along this line, the Pbx-Meis heterodimer has been proposed to function as a
"pioneer" factor that can bind heterochromatin and recruit MyoD and the estrogen
receptor to some of their targets, such as Myogenin or M-cadherin (Berkes et al. 2004;
Magnani et al. 2011). It must be noted though that our ChIP-seq shows binding of
Pbx and Prep at the M-cadherin promoter, but not binding of Meis. M-cadherin is
expressed at E11.5 in the proximal limb. Meis could be indirectly responsible for
this restriction, even if it does not bind the M-cadherin promoter at that stage, by
making Pbx available at the nucleus for Pbx-Prep complex formation. It could also

bind heterochromatin in complex with Pbx and be replaced by Prep afterwards.
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In remarkable contrast with Meis-Pbx1°°™ peaks, Pbx1-Prep®™ peaks are very
strongly associated with promoters. This preference is driven by Prep, since Prep®*
but not Pbx1°*® peaks show strong association with promoters.

The transcriptional effects of Meis and Prep are often in opposing directions
on the same gene, despite the fact that they rarely bind the same cis-regulatory
sequences.

While in vitro both Meis and Prep show the ability to bind DNA with Pbx as
heterodimers, we have found that, in vivo, Prep is much more likely to do so than
Meis. Less than 15% of Meis peaks show a DECA motif, the target for this kind of
heterodimers. Conversely, while both Meis and Prep are able to form triple com-
plexes with Pbx and Hoxes in vitro, only Meis seems to do so in vivo: the proportion
of Prep®© and Pbx1-Prep“™ peaks that show the OCTA motif is under 5%.

This, together with the clear divide in binding location between Meis and Prep
peaks, paints a picture in which Meis and Prep are functionally specialized, with
Meis participating almost exclusively in the Pbx-Hox system by binding extremely
conserved enhancers in TSS-remote positions and Prep binding promoters in con-
cert with Pbx but independently of Hoxes. It is remarkable that no other study has
detected such a clear division of labour between Meis and Prep.

5.3 TALE Proteins as Hox cofactors

The surprising finding that the most frequent sequence motif in Meis peaks is
OCTA, the Pbx-Hox target site, rather than HEXA, the Meis monomer binding
site, or DECA, the Pbx-Meis/Prep target, suggests that most Meis binding sites are
trimeric Pbx-Hox-Meis complex binding sites in which Meis does not contact DNA
directly. The large overlap between Meis peaks and published Hox binding sites
reinforces the view that Meis is an important Hox cofactor. In vitro experiments
show Hox proteins can bind OCTA-containing Meis peak sequences.

If most Meis peaks with the OCTA motif are indeed Hox BSs, this work repre-
sents the first GW catalog of in vivo BSs from several different Hox paralog groups.
Since to date only two ChIP-seq datasets for vertebrate Hox proteins have been
published (Donaldson et al. 2012; Jung et al. 2010) and very few of their down-
stream genes are known, it could represent an extremely valuable asset for under-
standing the missing link between Hox protein expression and control of morpho-

genesis.

5.3.1 OCTA Variant Preferences

The detailed analysis of OCTA motif variants reveals preferences in the variable

dinucleotide that match what we know about Pbx-Hox preferences and the ability
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of Pbx and Meis to bind subsets of the Hox proteins.

In Meis®™* peaks, the most overrepresented variant is TGATTTAT. This OCTA
variant is the preferred binding target for abd-B-related Hoxes, which are precisely
those that can bind Meis without the participation of Pbx. In contrast, the most
common variant in Meis-Pbx1°°™ peaks is TGATTGAT, which is the preferred vari-
ant of 3’ Hoxes. These can not bind Meis directly, so Meis has to rely on indirect
binding to Hoxes via Pbx. However, as mentioned earlier, it is hard to extract con-
clusions on the relative participation of different Hox paralog groups in Meis-Pbx1-
Hox complexes because the abundance of Hoxes in our sample is uneven.

We have found an OCTA variant, TGATGAAT, that had not been described to
be bound by Hoxes. Its overrepresentation in several TALE peak subsets suggested
it could represent a novel Hox binding target. We have confirmed this by EMSA

experiments.

5.4 Restricted Binding in the Hox Clusters

It was unexpected that the TALE Hox cofactors we have inspected would have a
pattern of binding in the Hox clusters that is tightly restricted to their 3’ part.

Additionally, Meis peaks extend past the 3’, but not 5’, end of all Hox clus-
ters and into the adjacent gene deserts. These have been shown to contain cis-
regulatory elements and to establish long-range chromatin interactions with the
Hox clusters themselves (Andrey et al. 2013; Noordermeer et al. 2011). In all Hox
clusters, the range of these regulatory interactions coincides with the range of Meis
peaks extending past the end of the clusters. Consistently, we find no Meis peaks
in the gene desert 5" to the HoxD cluster that is known to contain many regula-
tory elements important for the expression of HoxD genes in the digits (Montavon
et al. 2011), where Meis is not expressed. This "regulatory archipelago” establishes
long-range contacts with the 5" region of the HoxD cluster up to Hoxd9, the 3’-most
HoxD gene expressed in the digits.

Still, there is an unexplained aspect of TALE binding in the Hox clusters. The
transcriptional effect of Prep deficiency is strongest in the 5 part of the clusters,
where neither Meis nor Prep bind. Silent Hox clusters form discrete inactive chro-
matin compartments, and upon activation they adopt a chromatin conformation
separated in an active and an inactive compartment (Noordermeer et al. 2011). The
boundary between the topologically associated domains evolves over time, pro-
viding a mechanistic basis for temporal colinearity. This proposed mechanism also
provides a possible explanation for Meis and Prep effects on the transcription of
parts of the Hox cluster to which they do not bind: they could be influencing this

colinearity mechanism by serving as anchors between the 3’ part of the clusters and
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its associated gene desert.

5.5 Additional Binding Partners

We have discovered four new sequences not shown previously to be involved in
TALE protein binding.

The sequence CWGSCWG is the only Pbx core motif we found. It appears in
the Meis®™¢ and Pbx1%*¢ subsets and a similar one appears in Meis-Pbx1°™ peaks.
It is likely to represent the binding sequence for an unknown Pbx or Pbx-Meis co-
factor. It is interesting that highly similar sequences have been reported previously
as unidentified motifs in several hematopoietic factor ChIP-seq experiments: An
Scl/Tall ChIP-seq in immature erythocytes (Kassouf, Hughes, et al. 2010), a 10-
factor ChIP-seq in the hematopoietic progenitor cell line HPC-7 (Wilson et al. 2010),
and a GW analysis of Gatal, Gata2, Runx1, Flil, and Scl/Tall binding in primary
human megakaryocytes (Tijssen et al. 2011). The only common factor to these three
studies is Scl/Tall. Scl/Tall is a bHLH protein and thus binds an E-box. Although
this novel motif resembles an E-box, the binding preferences of Scl/Tall are well
characterized and do not include this variant, in which there is an additional nu-
cleotide between the two halves of a canonical E-box.

Scl/Tall can interact with Gatal to specify erythroid cells (Lahlil et al. 2004) and
we have found an Scl/Tall-related motif but not any motif resembling Gatal. Con-
sidering that Meis is necessary for megakaryocyte generation in the mouse embryo,
it is tempting to speculate that Scl might be recruited by Gatal in erythroid cells
(Anguita et al. 2004) and Meisl in megakaryocytes. These two cell types share a
precursor cell, the Megakaryocyte-Erythroid Progenitor (MEP) (Doré and Crispino
2011), so this could represent a protein recruitment-based developmental switch.
Scl/Tall mutants die at 9.5 due to complete lack of blood, but deletion in adult
mice shows it is necessary for maintenance only of the erythroid and megakary-
ocytic lineages (Mikkola et al. 2003), which points to dual roles in embryonic HSCs
and MEPs. It is remarkable that a DNA-binding deficient form of Scl rescues the
early hematopoiesis-related lethality and allows the embryo to progress to E14.5,
when it dies with incomplete maturation of erythrocytes (Kassouf, Chagraoui, et al.
2008; Porcher et al. 1999). This probably means some of its functions are mediated
by cofactors that allow it to bind DNA independently of its own DNA-binding do-
main. Scl is also expressed in the neural tube in a Dorso-Ventral (DV)-restricted
manner (Muroyama et al. 2005), as is Meis.

The CCCgCCC sequence is an accessory motif found in all peaks subsets in
which Prep is present. It exactly matches the GC-box, a promoter component that
is the binding site for Sp1 (Kriwacki et al. 1992) and its related factors Sp3, Sp4 and
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the KLF family. The defining characteristic of the Sp/KIf family is a C-ter DNA-
binding domain containing three C2H2 Zinc finger motifs. A short motif N-ter to
the Zinc fingers, called the Buttonhead (btd) box, is present in Sp proteins but not
in Klfs (Suske, Bruford, and Philipsen 2005). It does not contain a tryptophan. It is
remarkable that Sp genes have a conserved genomic organization: they are linked
two by two and 3 of these 4 syntenyc pairs are linked to Hox genes. Additionaly, 5
of the 9 Sp genes in the mouse genome have TALE factor peaks in their promoters,
most often Pbx1-Prep®™ peaks. The coincidence of Pbx1-Prep with an Sp target
sequence and possible control of Sp genes by Prep and Pbx suggests these two
families might act as a previously unrecognised functional module. Deeper study
would be needed to ascertain the nature of the relationship, if it exists. However,
a computational analysis of human promoters found the motif for Sp1 (Hartmann
et al. 2013), so its presence in Prep subsets could be a byproduct of their high pro-

portion in promoters.

The CCAAT sequence appears in Pbx1-Prep®™ peaks. It is a known compo-
nent of promoters and enhancers, bound by NF-Y and the CEBP proteins. As with
the GC-box, it is not surprising to find a promoter-related sequence in a subset
of peaks that are overwhelmingly associated with promoters, and indeed this se-
quence also appears in a general motif search in promoters (e.g. see Hartmann et al.
2013). However, in this case it is clear that there is a specific interaction between the
Pbx1-Prep heterodimer and a CCAAT-binding factor, since DECA and the CCAAT
box appear at a fixed distance within the DECA®* motif. The CCAAT box is present
in many promoters of genes overexpressed in cancer (Dolfini and Mantovani 2013).
The NFY heterotrimer might itself be transcriptionally regulated by the TALE Hox
cofactors, since the Nfyc gene (coding for the y subunit) has Meis and Prep peaks
with several DECA®* motifs within its first intron. In fact, the Prep peaks actually
overlap the alignment point for the TSS of a rat isoform of Nfyc that has not yet
been described to exist in the mouse, and show LICR MEF promoter (RNApollI*
H3K4Me3*) marks. Very obviously, this fact suggests the existence of a previously
unrecognized isoform of Nfyc in the mouse and its specific regulation by the TALE
proteins through differential promoter recruitment. Nfyc is downregulated under
the significance threshold in the Prep1”! embryo, but this does not rule out isoform
balance effects or redundant control by Prep1/2. This is an interesting avenue to
pursue regarding the search for mediators of the involvement in cell proliferation

and cancer of Meis and Prep.

The poly-purine motif is interesting. It might be the binding site for an un-
known partner of Meis, but if this was the case it is hard to explain why it does
not seem to represent any specific sequence requirement other than a separation

of purines and pyrimidines in complementary strands. It seems more likely that
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it represents a sequence pattern that does not bind a particular protein but results
in structural features favouring Meis binding. Polypurine tracts have been shown
to be able to form DNA triple helical structures in vitro (Mirkin et al. 1987; Mooren
et al. 1990), to be implicated in splicing of many genes including Fgfr2 (Carstens,
E. J. Wagner, and Garcia-Blanco 2000), and are a known component of retroviruses
(Rausch and Le Grice 2004).

Polypurine/polypyrimidine tracts with mirror sequence repeats favour the adop-
tion by DNA of a triple helix conformation (DNA-H). In this conformation, two
strands pair in a standard double helix and the third strand pairs with the bases in
one of them through Hoogsteen hydrogen bonds. This conformational change is
slow but stable and results in distortions that can trigger recombination and DNA
repair mechanisms, which can result in genomic instability (G. Wang and Vasquez
2004). Long polypurine/polypyrimidine tracts are associated with genes involved
in development and morphogenesis, among other functions, and may have an evo-
lutionary role by promoting variability (Bacolla et al. 2006). There might be a re-
lationship between this mutagenicity and the oncogenic ability of Meis. A more
exotic but suggestive possibility is that, if indeed this polypurine motif represents
stretches capable of forming a triple helix, it could be a mechanism to anchor long-
range chromatin loops between enhancers and promoters. The pairing of three of
the four strands involved would leave the fourth available for transcription.

5.6 Meis Contexts

The comparison of Meis binding sites in the trunk, eye and HSPCs provides an in-
teresting frame in which to evaluate the significance of some aspects of Meis trunk
binding sites. It is clear that Meis eye and HSPC binding sites are more similar in
general to each other than to trunk binding sites, despite trunk and HSPC peaks
overlapping the most of the three possible pairings: both core motif composition
and conservation values point to trunk binding sites being apart from the other
two sets. One aspect that could be related to this is that compared to those tissues,
our sample was much more heterogeneous. This must have biased the detection
in favour of binding sites that are relatively invariant across tissues, even if Meis
affinity for them in individual cells is lower than for tissue-specific binding sites.
Regarding motifs, the lack of OCTA in eye peaks is to be expected, since there
is no Hox expression in the eye, but for HSPC peaks it is puzzling. According
to the Gene Expression Commons (http://gexc.stanford.edu), a repository
of hematopoietic gene expression patterns, several Hox genes are expressed in
HSPCs: at least Hoxc6, Hoxa2, 3,5 and 9 and Hoxb2 to 5 are expressed at this stage in

hematopoietic development. We don’t find any reason why Meis should not bind
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DNA in concert with them as we understand it does in the trunk. One possible
explanation is the aforementioned bias inherent to our sample: if Meis-Hox bind-
ing has lower affinity than Meis monomeric binding but is more invariant across
tissues, it could have stayed under the detection threshold in Wilson et al. (2010).
However, there is no evidence supporting this explanation and in fact the DNA
binding affinity of Hox-Meis heterodimers is higher than that of Meis monomers.
One other difference is that in HSPCs Meis1 is the only expressed gene of the fam-
ily, but again there is no reason to suspect that in our sample Meis2 is exclusively

responsible for co-Hox binding.

Another aspect of the comparison that should be pointed out is that we do not
find DECA binding in the eye. Since Pbx is present there, there is no obvious rea-
son why Meis should not bind in concert with it. Maybe heterodimeric Pbx-Meis
binding is something that happens in vitro but is just not common in vivo, just as

heterotrimeric Prep-Pbx-Hox binding seems to be.

The appearance in HSPC peaks of the accessory motif CWGSCWG supports the
hypothesis that it is the recognition sequence for an hematopoietic transcription
factor. The presence of CCCgCCC in a set that is not predominantly TSSA argues
against it appearing in Prep peaks purely because of their high association with

promoters

The polypurine motif present in all TALE trunk peak subsets appears again in
HSPCs (m2) and eye (m3) peaks, which suggests the possibility of it being a general
requirement for Meis binding, since it seems to be the only constant pattern in Meis
binding sites across tissues apart from the HEXA motif.

One conclusion to be drawn from the fact that Meis binding sites in different tis-
sues are almost non-overlapping is Meis binding is not at all constitutive but highly
context-dependent. The fact that they share many of the same sequence motifs im-
plies that presence of a binding target sequence is insufficient to determine binding
in vivo. This is important because to date, we do not know what determines tran-
scription factor binding beyond DNA sequence: all known TFs have recognition
sequences that appear many thousands of times in the genome but they only bind
a subset of them.

The selection of actual targets from a pool of adequate candidates might be
based on chromatin accessibility, interaction with additional cofactors, or sequence
features that might affect fine double helix structural features, such as minor groove
width. A recent study of the regulatory activity of short sequences from in vivo
binding sites has shown that, in the case of the homeodomain factor Crx, high GC
content is as powerful a predictor of cis-regulatory potential as the presence of high
quality recognition sites for Crx (White et al. 2013). Since this study was carried out

with reporter constructs, chromatin accessibility was not a factor and therefore can
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not be the only differentiator between bound and not bound potential binding sites.
In the case of Meis, it is clear that the sequence patterns described in our work are
not sufficient to explain GW patterns of binding and their change across tissues.
Maybe the key to predicting tissue-specific binding site occupancy lies in the large
scale chromatin state. Alternatively, it could be dependent on subtler, more local
sequence patterns that our current methods are unable to characterize. Time will
tell.

5.7 Stories from Particular Peaks

In addition to the systematic GW and Hox-focused analysis we have presented so

far, a number of interesting TALE protein binding patterns have caught our eye

during the exploration of the dataset, apart from the Nfyc case described above.
1d2 (Inhibitor of differentiation 2) has many TALE binding sites in its vicinity, in-

com

cluding a Pbx1-Prep®™ peak in its promoter. Id2 represses myogenesis and it is in

turn repressed by Rp58 (also known as Zfp238), a direct target of MyoD, to promote

com

myogenesis (Yokoyama et al. 2009). Rp58 has a Pbx1-Prep“™ peak 2kb upstream of
its TSS plus an hematopoietic Meis peak from Wilson et al. (2010). It is suggestive
that this system has already been shown to be connected with the TALE proteins
(see introduction), which suggests a relatively widespread intertwining of TALE
function and MyoD.

Dnm3 (Dynamin 3) is a member of a family of enzymes that have a role in mem-
brane dynamics. The Dnm3 gene has a high density of Meis peaks and Hoxa2 peaks
from Donaldson et al. (2012), several of which overlap Meis peaks. Dnm3 was
originally identified as a transcript upregulated during megakaryocyte develop-
ment and that could stimulate megakaryocyte development when overexpressed
in CD34+ cells (Reems et al. 2008). Later, it was shown that Dnm3 knockdown re-
sults in reduced megakaryocyte progenitor amplification and reduced megakary-
ocyte cytoplasmic enlargement (W. Wang et al. 2011). Strikingly, this report also
showed interaction of Dnm3 with Nonmuscle myosin IIA, one of several nonmus-
cle myosin heavy chains in mammals. Nonmuscle myosin heavy chain IIB inter-
acts with Pbx and when overexpressed zipper, its Drosophila homolog, induces cy-
toplasmic retention of Hth (see Introduction). The three nonmuscle myosin heavy
chain genes in mammals (Myh9, Myh10 and Myh14) all have Pbx1-Prep“°™ peaks in
their promoters. This connections suggest that Dnm3 may be a mediator of Meis’s
role in megakaryocyte development, which could be worth pursuing.

Other mediators of the requirement of Meis for megakaryocyte development
may be Ets1 and Fli-1. These are linked in the chromosome and have Meis peaks

nearby. They have been shown to stimulate transcription of Pf4 (Okada et al.
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2011), a megakaryocyte-specific gene that itself has hematopoietic Meis peaks from
Wilson et al. (2010) in its promoter and is under 5kb from Ppbp, which is also
megakaryocyte-specific and has a Meis peak from our study in its promoter.
These few examples illustrate the potential of the data we have generated to
give insight into unexpected functions and relationships of the TALE genes and to

generate hypotheses about mediators of TALE protein function.
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Six

Conclusions

Meis and Prep have largely non-overlapping genomic binding sequences.
Pbx1 binding overlaps much more with Prep than with Meis.

While Prep binds mainly at TSSs, specially in concert with Pbx, Meis BSs
are extremely conserved and distributed throughout the genome and do not
show a particular relationship with transcriptional units, with the exception
that exons are less likely to contain Meis BSs than introns. A large proportion
of Meis BSs are enhancers.

The sequences at sites bound by Meis, Prep and Pbx1 suggest Prep tends to
bind as a heterodimer with Pbx, without participation of Hox proteins. In
contrast, Meis tends to bind DNA in concert with Hoxes, probably as a non-

DNA-binding partner in trimeric Meis-Hox-Pbx complexes.

Meis and Prep regulate some of the same genes through different cis-regulatory
sequences. In many cases, they regulate transcription of a given gene in op-
posite directions.

TALE factor binding landscape subdivides Hox clusters in two domains. DNA
binding in the clusters is dominated by Meis peaks and is restricted to the part
of each cluster 3’ to the 9" paralog.

The transcriptional effect on the Hox clusters is colinear with chromosomic
position— in opposite directions between Meis and Prep and between the 5
and 3’ parts of each cluster. Surprisingly, the largest effect is that seen in
Prep1”t embryos on the 5’ part of the clusters, in which we detect no binding
of TALE proteins.

At least some Hox proteins are able to bind the novel sequence TGATGAAT.
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Seven

Conclusiones

Los sitios de unién al ADN de Meis y Prep apenas solapan. Los sitios de unién
de Pbx1 solapan mucho mds con los de Prep que con los de Meis.

En contraste con Prep, que se une al ADN mayoritariamente en promotores
especialmente en combinacién con Pbxl1, los sitios de unién de Meis estan
distribuidos por el genoma sin una relacion general con unidades transcrip-
cionales. Cabe el matiz de que los exones estan deplecionados de picos Meis.
Una proporcién importante de picos Meis son enhancers.

Las secuencias de bases que encontramos en sitios de unién de Meis, Prep y
Pbx1 sugieren que Prep une ADN casi siempre en complejo con Pbx, sin par-
ticipacion de proteinas Hox. En cambio, Meis tiende a unir ADN en complejo
con Hoxes, probablemente como miembro de complejos Pbx-Meis-Hox pero
sin unir ADN.

Meis y Prep regulan algunos de los mismos genes a través de secuencias regu-
ladoras en cis distintas. En muchos casos, regulan la transcripcién en sentidos

opuestos.

El paisaje de unién de proteinas TALE divide los clusters Hox en dos domi-
nios. La unién de proteinas TALE a los clusters estd dominada por Meis y esté

restringida a la parte de cada cluster situada 3" del paralogo 9.

El efecto transcripcional de Meis y Prep en los genes Hox es colineal con la
posicién cromosémica de los genes, y en sentidos opuestos entre Meis y Prep.
Sorprendentemente, el efecto mas marcado lo observamos en la parte 5" de los

clusters, en la que no detectamos unién de proteinas TALE.

Al menos algunas proteinas Hox son capaces de unir la secuencia de unién
TGATGAAT, no descrita previamente.
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SUMMARY

The interactions of Meis, Prep, and Pbx1 TALE ho-
meoproteins with Hox proteins are essential for
development and disease. Although Meis and Prep
behave similarly in vitro, their in vivo activities remain
largely unexplored. We show that Prep and Meis
interact with largely independent sets of genomic
sites and select different DNA-binding sequences,
Prep associating mostly with promoters and house-
keeping genes and Meis with promoter-remote
regions and developmental genes. Hox target se-
quences associate strongly with Meis but not with
Prep binding sites, while Pbx1 cooperates with
both Prep and Meis. Accordingly, Meis1 shows
strong genetic interaction with Pbx7 but not with
Prep1. Meis1 and Prep1 nonetheless coregulate a
subset of genes, predominantly through opposing
effects. Notably, the TALE homeoprotein binding
profile subdivides Hox clusters into two domains
differentially regulated by Meis1 and Prep1. During
evolution, Meis and Prep thus specialized their
interactions but maintained significant regulatory
coordination.

INTRODUCTION

The specificity of transcription in a crowded eukaryotic chromatin
is something of a mystery. Different members of closely related
transcription factor families bind near-identical DNA sequences
in vitro, but their individual function in vivo is rarely known. Tran-
scription factors may also bind different cofactors, resulting in
differing patterns of DNA recognition and binding. An example
is provided by the Hox and TALE (three amino acid loop exten-
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sion) families (Moens and Selleri, 2006), which have similar
DNA-binding domains. Interaction between the Drosophila
TALE proteins Extradenticle (Exd) and Homothorax (Hth) targets
the two proteins to the nucleus (Chan et al., 1994; Rieckhof et al.,
1997) where the complex interacts with Hox proteins, deter-
mining their DNA-binding specificity and thereby anteroposterior
segmental identity (reviewed in Mann and Affolter, 1998).

The genomes of mammals contain four Exd-related genes
(Pbx) and two Hth-related subfamilies, Meis and Prep (the latter
also known as pKnox), respectively comprising three and two
members. The interaction of Exd with Hth or Hox has been re-
tained in all species, and hence in vertebrates Pbx proteins
form complexes with Hox, Meis, and Prep. Pbx proteins interact
with Prep or Meis through a conserved amino-terminal domain
(Berthelsen et al., 1998; Chang et al., 1997; Knoepfler et al.,
1997) and with Hox proteins through the homeodomain (Piper
et al., 1999). The independent interaction surfaces allow Pbx to
form trimers with Prep or Meis and Hox, and this interaction
alters the DNA-binding selectivity of the individual Hox proteins
(Ferretti et al., 2000; Jacobs et al., 1999; Ryoo et al., 1999).
Meis, but not Prep, can also interact directly with posterior Hox
proteins (Williams et al., 2005).

The full complexity of the TALE transcriptional regulatory
network in vivo has not even been estimated. Our knowledge
of these factors’ DNA sequence specificity is based on in vitro
selection of target sequences by purified or in-vitro-translated
protein complexes and on the analysis of a limited number of
endogenous target sequences. A general observation is that
affinity for DNA is low for monomers and increases with heterol-
ogous complex formation. Prep and Meis alone preferentially
bind the TGACAG hexameric sequence (PM sites) (Berthelsen
et al., 1998; Chang et al., 1997; Ferretti et al., 2000; Shen et al.,
1997) and Pbx to the TGATTGAT sequence (LeBrun and Cleary,
1994). Prep-Pbx and Meis-Pbx dimers both preferentially bind
the decameric sequence TGATTGACAG (Chang et al., 1997;
Knoepfler et al., 1997). Pbx-Hox dimers bind octameric motifs
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of the type TGATNNAT, in which the variable core determines the
Hox paralog group binding (Shen et al., 1997). Studies
combining oligonucleotide selection (SELEX) with deep
sequencing (SELEX-seq) in Drosophila show that the site vari-
ants at the variable core can be grouped into three main classes
of specificity that obey the colinearity rules and underline the
preference of Hox for distinct DNA minor groove topographies
(Slattery et al., 2011). X-ray studies showed that in Pbx-Hox
binding to the octameric sites, each monomer binds one half-
site (LaRonde-LeBlanc and Wolberger, 2003; Piper et al.,
1999). Ternary complexes take place through the interaction be-
tween Meis/Prep bound to hexameric sites and nearby Pbx-Hox
bound to octameric sites through direct Prep/Meis-Pbx interac-
tion (Berthelsen et al., 1998; Ferretti et al., 2000, 2005; Ryoo
et al., 1999). Ternary complexes can also form by Meis1 interac-
tion with DNA-bound Pbx-Hox dimers without Meis1 binding
DNA (Shanmugam et al., 1999).

Meis and Prep proteins contain two homologous functional do-
mains: the Pbx-interacting domain and the homeodomain. The
homeodomains and Pbx-interacting regions of Meis1 and Prep1
are 84% and 63% identical. However, other regions of the two pro-
teins are not conserved, including the C-terminal domain, which is
essential for Meis1 oncogenic activity (Bisaillon et al., 2011; Wong
et al., 2007). Both Prep1 and Meis1 dimerize with Pbx and recog-
nize similar DNA sequences in vitro. Although some specific func-
tions have been identified for Prep and Meis, there is no informa-
tion about whether their activities are coordinated in vivo.

Prep1 is ubiquitously expressed from the oocyte to the em-
bryo and the adult (Fernandez-Diaz et al., 2010; Ferretti et al.,
1999, 2006). Meis1 and Meis2 encode very similar proteins (Mos-
kow et al., 1995; Nakamura et al., 1996), and their expression
starts around gastrulation and is regionalized (Cecconi et al.,
1997; Oulad-Abdelghani et al., 1997). Pbx1, Prep1, and Meis1
are developmentally essential genes. Prep1 null embryos die
shortly after implantation, with massive apoptosis and prolifera-
tion defects (Fernandez-Diaz et al., 2010). Pbx71 deletion is
embryonically lethal at embryonic day (E) 15.5, and embryos
display major homeotic anomalies, organ absence or hypopla-
sia, hematopoietic defects, and other features (DiMartino et al.,
2001; Selleri et al., 2001). Meis1-deficient mice die at E14.5
with definitive hematopoietic stem cell failure, megakaryocyte
lineage aplasia, lymphatic vasculature defects, heart defects,
and eye hypoplasia (Azcoitia et al., 2005; Hisa et al., 2004). While
Prep1 null embryos die early, hypomorphic mutants (Prep1™, in
which only 3%-7% of the wild-type protein is produced, show
variable viability during gestation. Prep71 hypomorphs show de-
fects in hematopoiesis, including hematopoietic stem cells, eye
development, and angiogenesis (Di Rosa et al., 2007; Ferretti
et al., 2006). Although impairment of eye development, hemato-
poiesis, and angiogenesis is common in Meis1 and Prep?’
mutants, the specific aspects affected are different. In addition,
the involvement of these factors in disease is clearly divergent,
since Prep1 acts as a tumor suppressor (lotti et al., 2011; Longo-
bardi et al., 2010) while Meis1 is leukemogenic (Moskow et al.,
1995; Wong et al., 2007) and Meis 1 leukemogenic activity cannot
be replaced by Prep1 (Thorsteinsdottir et al., 2001).

We have undertaken a comprehensive comparative analysis
of the genomic interaction and function of Meis, Prep, and
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Pbx1 in mouse embryos in vivo. We show that Meis and Prep
mostly select distinct genomic sites and DNA motifs and show
differential interactions with Hox genes and proteins. Our anal-
ysis establishes a framework for understanding the mechanisms
of action of TALE proteins in development and disease.

RESULTS

Prep and Meis Select, and Drive Pbx1 to, Different
Genomic Sites

Chromatin immunoprecipitation sequencing (ChIP-seq) on
E11.5 embryos with antibodies to Prep1/2, Pbx1, or Meis1/2
(see Experimental Procedures) detected 3,331 peaks for Prep,
5,686 for Meis, and 3,504 for Pbx1 (Table S1) (Gene Expression
Ominbus [GEO] accession number GSE39609). The nonredun-
dant peak list contains 10,326 genomic regions, of which 82%
correspond to single-factor-bound regions, 16% to two-factor-
bound regions, and 2% to regions bound by all three (Figure 1A).
About half of the Pbx1 and Prep peaks were exclusively bound
by these factors (Pbx1*°, Prep®*©), while 85% of Meis peaks
were exclusive (Meis®°), suggesting more independent activ-
ities for Meis compared with Prep and Pbx1 (Figure 1A). Analysis
of peak overlaps revealed a lower coincidence of Prep with Meis
(Prep-Meis®°™) than with Pbx1 (5.6% versus 30% of Prep peaks;
Figure 1A). Alimost 30% of the Pbx1 peaks were also bound by
Prep, a larger proportion than by Meis (12.6%; Figure 1A). An
additional 6% of Pbx1 peaks were simultaneously bound by
Prep and Meis (triple peaks).

ChIP-re-ChIP assays of double and triple peaks confirmed
that Pbx1 binds simultaneously with either Prep or Meis in a
majority of sites (10/17 for Prep and 17/21 for Meis) (Figure S1A).
In contrast, in 15/17 Meis-Prep common peaks, these factors do
not show simultaneous binding (Figures 1B and S1A). In triple
peaks, the most frequent situation was thus alternative binding
by either Prep+Pbx1 or Meis+Pbx. The mapping of the relative
positions between pairs of the three factors in triple peaks indi-
cates that their binding preferences are cocentered (Figure S1B),
indicating that in most cases they bind to the same sequences.
Given that in most sites there is no simultaneous binding of
Meis and Prep, these factors may compete for binding to the
same sequences. The infrequent cases of the simultaneous co-
binding of Meis and Prep may thus correspond to the indepen-
dent binding of the two factors to neighboring target sequences.

In relative terms, Prep-Pbx1 cobinding is therefore predomi-
nant with respect to Meis-Pbx1 cobinding. In addition, the anal-
ysis of Prep-Pbx2 site occupancy in the thymus, where only
Pbx2 is expressed, indicates that the embryonic Pbx1-Prep®™
peaks can be bound by Prep-Pbx2 when Pbx1 is not available
(Tables S2 and S3). These data show that Prep-Pbx interactions
are predominant in Prep targets and can occur with different Pbx
partners.

Prep Binding Sites Correlate with Transcription Start
Sites, while Meis Binding Sites Concentrate

in Transcription-Start-Site-Remote Regions

We next analyzed the distribution of the peaks according to their
position with respect to RefSeq genes. We classified peaks as
transcription start site associated (TSSA) when they appeared
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Figure 1. Meis and Prep Select Different
Binding Sites and Gene-Regulatory Regions
in Cooperation with Pbx1

(A) Venn diagram of peak classes containing sin-
gle, double, and triple binding by Meis, Prep, and
Pbx1. Prep-Meis overlap versus Prep-Pbx overlap
and Pbx1-Prep versus Pbx1-Meis adjusted
p values (adjp) < 0.0001.

(B) ChIP-re-ChlIP experiment. Top: PCR amplifi-
cation of consecutive immunoprecipitations with
anti-immunoglobulin G (IgG), anti-Meis, anti-Prep
or anti-Pbx1 antibodies. Bottom: Read profile of
peaks tested above. Color bands represent peaks
as called by PICS, and color lines represent read
density. The interpretation of the cobinding is
shown to the right of the gel and is based on the
comparison of the specific band intensity with that
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within —500 to +100 bp from a transcription start site (TSS), intra-
genic (IG) when they overlapped a transcription unit, close inter-
genic (Cl) when they appeared <20 kb from a TSS, and far
intergenic (FI) when they were located >20 kb from the closest
TSS. We first studied the abundance of the different peak clas-
ses defined by factor binding profile within each of these
genomic regions. Within the TSSA class, the most abundant
peaks were Prep®° and Prep-Pbx1°°™ sites, which together rep-
resented 85% of all TSSA peaks (Figure 1C). In contrast, in all
other genomic regions, single-factor-bound sites were the
most abundant peak classes, with Meis®*° peaks predominating
in all classes, but especially in the IG and Fl classes. Peaks in the
Prep®° and Pbx®*° lists were moderately represented in non-
TSSA classes, where peaks bound by more than one factor
were generally of low abundance. Within the IG class, peaks
for Prep and Pbx1 show a neutral distribution between exonic
and intronic regions; however, Meis peaks show a 4-fold reduc-
tion in the expected occurrence in exons (p < 0.0001 for Meis,
p = 0.1 for Prep, and p = 1 for Pbx1).

To determine how cobinding modifies the binding preferences
of each factor, we studied the distribution of different genomic
regions across the peak classes defined by factor binding profile
(Figure 1D). Binding distributions for Pbx1*°, Meis®*°, and Meis-

"‘ of the control immunoprecipitations (IgG).

/ (C) Percentage of peaks located in transcription-
start site-associated (TSSA), intragenic (IG), close-
intergenic (Cl), or far-intergenic (Fl) regions that
belong to each factor binding class.

(D) Percentage distribution of genomic location
classes within each factor binding profile category
(adjp = 1 for Meis®° versus Meis-Pbx1°°™ and
p = 0.26 for Pbx1°*® versus Meis-Pbx1°°™; adjp <
0.0001 for Prep enrichment in TSSA and deploy-
ment in Fl classes and for Prep-Pbx1°°™ profile
versus that of either Prep or Pbx1 alone).

(E) Percentage of Meis, Prep, or Pbx1 peaks
containing promoter marks within each genomic
location (adjp < 0.0001 for Prep promoter marks
preference in any class and for Meis, only in the
TSSA class).

(F) Percentage of Meis, Prep, and Pbx1 peaks
containing enhancer marks (adjp < 0.0001 for Meis
association with enhancer marks and adjp < 0.01
for Prep and Pbx1). WG, whole genome.

Seealso Figures S1,S2, and Tables S1, S2, and S3.
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Pbx1°°™ were very similar, with low preference for TSSA regions
and Cl and high preference for IG and FI compared with the dis-
tribution shown by all peaks (Figure 1D). These data indicate that
Pbx1 and Meis have similar preferences individually and that
their cobinding does not change these preferences. Prep alone,
in contrast, showed a strong preference for TSSA regions (41-
fold enrichment compared to genomic TSSA region content)
and a low preference for Fl regions. Unlike Meis-Pbx1°°™ peaks,
the Prep-Pbx1°°™ profile diverged sharply from that observed for
each factor in isolation, with a marked prevalence of binding to
TSSA regions (71.5% for Prep-Pbx1°°™ versus 2.6% and
32.8% for Pbx1%*® and Prep®°, respectively) and underrepre-
sentation of all other regions with respect to the Prep®° and
Pbx1%*¢ profiles. These data indicate a strong preference of
Prep-Pbx1 dimers for TSSA regions, which is led mainly by
Prep since Pbx1 alone does not show any such preference.
Common binding of Prep and Meis mostly affected the TSSA
and Fl classes, appearing at frequencies between those
observed for the single factors. Prep-Meis cobinding thus dis-
plays mixed properties of the two independent factors and
does not generate new binding preferences. The peaks bound
by all three factors are predominantly enriched in the TSSA
and Cl classes in comparison with the whole genome. The
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binding preferences of TALE factors in the genome correlate with
the global distribution of their occupancy levels (Figure S2).

We next studied the correlations between the identified peaks
and known epigenetic marks. Peaks located close to a TSS
could coincide with promoters, which are associated with
H3K4Me3 and RNAPolll marks (Mikkelsen et al., 2007). Prep
peaks are strongly enriched in promoter marks (35% of Prep
peaks versus 0.4% in the whole genome), not only in the TSSA
category but also within the Cl and |G categories and, to a lesser
extent, the Fl category (Figure 1E). Prep thus appears to have a
strong binding preference for promoters and sequences with
promoter-like epigenetic marks. This tendency was weaker for
Meis peaks, which only correlated significantly with promoter
marks in the TSSA and Cl peaks, and at a lower proportion
than Prep. An intermediate situation was found for Pbx1, which
showed a very strong association with promoter marks for the
TSSA peaks and a significant association, but weaker than that
observed for Prep peaks, in other genomic regions (Figure 1E).
Similar analyses of the coincidence of peaks with murine embry-
onic fibroblast enhancer (H3K4Me1*, H3K4Me3™) and bivalent
enhancer (H3K4Me1*, H3K27Ac") marks (Shen et al., 2012) re-
vealed more than a 5-fold enrichment of Meis peaks with both
enhancer and bivalent enhancer marks with respect to the whole
genome and 2-fold with respect to Prep and Pbx1 peaks
(Figure 1F).

Thus, while many Prep and Pbx1 sites are located in pro-
moters, Meis peaks show a preference for enhancers. Interest-
ingly, however, Meis peak sequences are more conserved than
those of Prep, Pbx1, and several other developmental transcrip-
tion factors (Figure 2A). A notable exception is the conservation
of HoxC9 binding sites in the embryonic spinal cord (Jung et al.,
2010), whose conservation profile is very similar to that of the
Meis peaks. The degree of conservation of Meis and HoxC9
peaks is only surpassed by that of p300 peaks in forebrain
(Blow et al., 2010).

Prep and Meis Select Different DNA-Binding Sequences
in the Genome, Alone or in Combination with Pbx1

To identify consensus DNA sequences in the identified peaks,
we performed an unbiased search using rGADEM software
(comparable results were obtained with MEME; data not shown)
(Figure S3). For each peak, we searched 300 bp centered on the
peak maximum. We obtained two types of motifs: those map-
ping at a single maximum coinciding with the peak center, which
we call core motifs, and those showing a bimodal distribution
with maxima symmetrically flanking the peak center or showing
a spread distribution, which we call accessory motifs. Within the
core motifs, we identified the following known motifs: hexameric
sequences resembling or identical to the previously in-vitro-
described Meis/Prep consensus (HEXA), octameric sequences
similar to Pbx/Hox sites (OCTA), a decameric sequence contain-
ing a 5’ Pbx1 half-site followed by a Meis/Prep site (DECA), and
an extended version of the DECA sequence containing a CCAAT
sequence at a fixed distance (DECA®) (Figure S3).

Within the Prep®* sites, an unbiased motif search only identi-
fied the core motif DECA (Figure 2B). In addition, the DECA motif
always appeared in the binding classes in which Prep was pre-
sent in combination with any other factor/s. In contrast, the
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DECA®* domain only appeared in the Prep-Pbx1°°™ class. In
contrast, within the Meis®*° class, both the HEXA and OCTA
motifs were identified but not the DECA motif. HEXA and
OCTA motifs also appeared in Meis-Pbx1°°™, while the OCTA
motif appeared in all categories in which Meis was present. In
the Pbx1%*° class, a previously undescribed and poorly defined
consensus motif was detected. Given the poor definition of this
motif, we excluded it from further analysis. The sites identified
in the Pbx1 combinations with either Meis or Prep represent,
respectively, the binding preferences of Meis or Prep alone,
with the previously mentioned exception of DECA®* in Prep-
Pbx1°°™ peaks. The accessory motifs mostly consisted of
sequences of low complexity, which nonetheless occurred pref-
erentially in association with specific factors and may enhance
binding or allow the binding of cofactors (Figure S3).

We then performed directed searches to determine the abun-
dance of the identified core motifs in the peak sets for each fac-
tor and their combinations (Figures 2C and 2D). Overall, 62% of
all peaks contained at least one core motif; the HEXA motif was
present in about 20% of all peaks, the OCTA in 27%, and the
DECA in 29% (Figure 2C). Core sequences were present in
82% of Prep®° peaks and 68% of Meis®*° peaks (Figure 2D).

In Prep®*° peaks, DECA or DECA®* motifs were predominant
(48% and 37 %, respectively; Figure 2D), while OCTA motifs were
not represented over random expectation (4.7% versus 6.4%;
adjp = 1). In contrast, DECA and especially DECA®* motifs
were not overrepresented in Meis®*° peaks (adjp = 1), while the
HEXA (25%) and the OCTA motifs (42%) were predominant
and represented over random expectation (adjp < 0.0001; Fig-
ure 2D). Pbx1*® peaks did not show a strong preference for
any of the core motifs, but participation of Pbx1 in the binding
increased the presence of the DECA®*! motif in the Prep profile
(74.8% versus 37%; adjp < 0.0001) and of the OCTA motif in
the Meis profile (55% versus 42%; adjp < 0.0001) (Figure 2D).

Regarding Meis-Prep®°™ peaks, all motifs show an abundance
intermediate between that found for each factor independently,
with the exception of the HEXA motif, which is more abundant
in the common peaks than in the single-factor peaks. The
triple-factor peaks have a profile similar to that of the Meis-
Prep peaks (chi-square p value = 0.37), except for a clear in-
crease in the OCTA sequence (36% versus 50%; p = 0.005),
again indicating correlation between Pbx1 and the OCTA
sequence, provided that Meis is also involved in the binding.

Electrophoretic mobility shift assays (EMSA) of peak se-
quences from the identified binding motifs showed that while
Prep and Pbx can bind any of the core motifs identified, Meis
can bind the HEXA and OCTA sequences but can only weakly
bind to the DECA sequence (Figure 2E; Extended Results;
Figure S4A).

Meis Binding to the OCTA Motif Corresponds to Pbx-Hox
Binding Sites

The abundance of OCTA sites in Meis targets could correspond
to a strong association between Meis and Pbx-Hox target sites.
In contrast, the low representation of the OCTA motif in the Pre-
p®*° peaks would then indicate that Prep-Pbx1 mainly selects
non-Hox binding sites. Within the OCTA motif, not all base com-
binations at the variable core of the OCTA motif stimulate
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Figure 2. Meis and Prep Select Different DNA Target Sequences in the Genome
(A) DNA sequence conservation (vertebrate PhastCons) profile of Meis, Prep, and Pbx1 peaks. For comparison, the plot shows binding sites for HoxC9, HoxA2,
p300 forebrain, and other transcription factors (Mahony et al., 2011; Schmidt et al., 2010).

(B) Core sequence motifs identified in exclusive, double, and triple peaks.

(C) co-occurrence of core sequence motifs in each binding class. Boxplots show Pbx1 enrichment factors for peaks cobound by dimers and trimers (Pbx1-Prep,

Pbx1-Meis, and Pbx1-Prep-Meis).
(D) Abundance of core sequence motifs in each factor binding class.

(E) EMSA testing of the in vitro binding ability of the TALE factors. FP, free probe.

See also Figures S3 and S4.

Pbx-Hox dimer binding (Berger et al., 2008; Chan et al., 1994;
Chang et al.,, 1996; Lu and Kamps, 1997; Mann and Chan,
1996; Noyes et al., 2008). We therefore examined the enrichment
of each dinucleotide combination at the OCTA variable core
(bases 5 and 6) in the peak sets for each factor and their combi-
nations (Figure 3A). Eight two-base combinations have been re-
ported to promote Pbx-Hox binding, while the remaining eight

have not (Slattery et al., 2011; Tumpel et al., 2007). Of the eight
that do, five were strongly and significantly overrepresented in
all but one of the peak sets (Figure 3A). In contrast, only one of
the combinations (GA in the variable core) not previously found
to bind Pbx-Hox was overrepresented in various peak sets (Fig-
ure 3A). EMSA analyses of sequences from OCTA-containing
peaks confirmed various Hox protein binding to the previously
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Figure 3. Hox Binding Motifs and Sites
Strongly Correlate with Meis Peaks and
Not with Prep Peaks

(A) Overrepresentation of OCTA variants for each
base combination at positions 5 and 6 of the

sequence in the peak sets for each factor and their
combinations. The two-base combinations that

have been previously described to bind Pbx-Hox
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known sequences (Figure S4B) and weak binding of Hoxa9 to
the OCTA motif with GA in the variable core (Figure 3B).

All peak sets that showed enrichment were Meis-bound, while
peak sets in which Meis was not involved showed marginal or no
enrichment for Hox-bound base combinations. An exception
was the enrichment for the TGATTGAT sequence in the Prep-
Pbx1°°™ peaks; however, this sequence might be a variant of
the DECA sequence. Interestingly, the degree of enrichment in
Hox-type sequences increased with cobinding of Pbx1 or Prep
with Meis, being maximal in peaks bound by all three factors.
These data support the idea that the OCTA sequence represents
Pbx-Hox targets and that Meis is the factor most associated with
Hox binding sites in the genome. In contrast, Prep does not nor-
mally select Hox binding sequences unless the peak is also
Meis-bound.

These data suggest that Meis peaks containing an OCTA motif
could represent Hox targets. In line with this suggestion, ChIP-
seq peaks identified for HoxA2 in E11.5 second branchial arch
(Donaldson et al., 2012) and for HoxC9 in E11.5 spinal cord
(Jung et al., 2010), despite representing the targets of just 2 of
the 39 Hox proteins in embryonic tissues different from those
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are shown in brown, while those that have not are
shown in gray. Cases in which the screened se-
quences were found more than five times over-
represented and deviated from random expecta-
tion with p < 0.001 are indicated with an asterisk.
(B) EMSA testing of in vitro binding ability of
the TALE factors and an example Hox protein
to the candidate new Hox binding sequence.
Mutant probes contain WGATCCAT instead of
WGATGAAT. FP, free probe. Arrows indicate the
migration of complexes formed between nuclear
proteins and DNA. Arrowhead indicates a
nonspecific complex.

(C) Percentage overlap of Prep™®?, Meis™'®, and
Pbx1"'® peaks with either HoxC9 or HoxA2.
Asterisks show p < 0.0001.

(D) Overlap of Prep, Meis, and Pbx1 peaks with
HoxC9 and HoxA2 peaks.
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analyzed here, show a strong overlap
with Meis™® (28% versus 0.42% ex-
pected by chance; p < 0.0001), a much
lower overlap with Prep®®, and moder-
ate overlap with Pbx1™® (Figures 3C
and 3D). Common Meis-Pbx1 and Meis-
Prep peaks show an increased chance
to overlap with Hox (51% of Meis-Pbx1
and 44% of Meis-Prep®°™ peaks). More-
over, 68% of Prep-Hox®°™ peaks and
79% of Pbx1-Hox®°°™ peaks are also
Meis peaks (data not shown), again indicating that Meis binding
shows the strongest association with Hox binding in these exper-
iments. It is noteworthy, however, that while our analysis is
comprehensive for Meis proteins, it is not so for Pbx proteins,
so that the lower overlap of Pbx1 with Hox binding sites may be
due to the participation of other Pbx family members instead of
Pbx1.

Prep1 and Meis1 Coordinately Regulate a Subset

of Their Target Genes

To investigate functional interactions between Prep1 and Meis1,
we compared changes to the transcriptome caused by elimina-
tion of either Meis1 or Prep1 in mouse embryos. To this end, we
performed total RNA sequencing (RNA-seq) in Meis1-deficient
and Prep1” E11.5 embryos. RNA-seq identified 855 upregulated
and 631 downregulated transcripts in Prep1” embryos and 210
upregulated and 198 downregulated transcripts in Meis1-defi-
cient embryos (Figure 4A; Table S4). The affected transcripts in
Meis1 mutants probably represent only a fraction of all Meis-
regulated genes, since the expression patterns of Meis1 and
Meis2 overlap considerably in the embryo. To estimate the
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extent of gene coregulation by Meis7 and Prep1, we determined
the frequency of coregulated genes and the nature of the core-
gulation. All classes of coregulated genes occurred at fre-
quencies 4- to 10-fold higher than expected under the null hy-
pothesis of independence of gene subsets, indicating
coordinated actions of these transcription factors in the regula-
tion of specific sets of genes (Figure 4B). We found 108 genes
coregulated by the two factors, corresponding to 26% of
Meis1-regulated genes and 7% of Prep1-regulated genes. Inter-
estingly, the most enriched class was genes downregulated in

Prep-Bound Genes

yl-émino acid modification

Phosphate-containing compound metabolic process
In utero embryonic development

Small GTPase mediated signal transduction

embryos.

(B) Extent of coregulation. The most over-
represented set of genes is that composed of
genes upregulated in Prep7” and downregulated
in Meis1-deficient mutants. Asterisks show chi-
square p < 0.0001.

(C) Association of regulated genes with peak
classes and their genomic location. Graph shows
fold enrichment in peak density over whole-
genome average (i.e., odds ratio). Asterisk shows
p < 0.001.

(D) Selected Gene Ontology terms associated with
bound genes.

See also Tables S4 and S9.

PD-MU——

Meis1-deficient and upregulated in the
Prep1-deficient embryos. This class
included 48 genes, or 24% of the genes
downregulated in Meis1-deficient em-
bryos, and was 10-fold higher than
random expectation. These results indi-
cate considerable functional interactions
between Meis1 and Prep1 in the regula-
tion of gene expression, including coop-
erative and, more frequently, antagonistic
actions.

To identify putative direct transcrip-
tional targets of TALE factors, we exam-
ined the correlation between ChIP-seq
peaks and the set of genes regulated by
Prep1 and Meis1 (Figure 4C). Among the
genes upregulated in Meis71-deficient em-
bryos, we found significant enrichment in
TSSA Meis peaks but not in those in other
gene regions, suggesting a correlation
between TSSA Meis binding and negative
regulation of transcription (Figure 4C).
Surprisingly, within the genes upregu-
lated in Meis1-deficient embryos, there
was a significant enrichment in Prep IG
and Cl peaks and, conversely, we found some enrichment of IG
Meis peaks among the genes upregulated in Prep1” embryos,
again suggesting a functional interaction between Meis and
Prep in gene regulation (Figure 4C). In contrast, we found no
enrichment for any factor peaks among genes downregulated
in Meis1-deficient embryos or upregulated in Prep1” embryos.
Finally, TSSA and IG Prep peaks were overrepresented among
Prep1”-downregulated genes and underrepresented among
Prep1”-upregulated genes, indicating a transcriptional activator
function for these Prep sites.
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Figure 5. TALE-Factor Binding Subdivides the Hox Clusters in Two Regulatory Domains

(A) Meis ChIP-seq read profiles (in red) in the Hox cluster environment. Black bars show coding regions.

(B) Top: The HoxA cluster is shown, with Meis, Prep, and Pbx1 ChIP-seq peaks represented in different colors as indicated. Bottom: A similar representation of
the HoxA cluster shows Meis ChIP-PCR signals obtained from different embryo portions, as indicated on the scheme on the left. An absent triangle indicates no
binding detected, a light-colored triangle indicates positive but not predominant binding compared to other embryo regions, and a dark-colored triangle indicates
predominant binding.

(legend continued on next page)
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These results indicate an association of Meis TSSA binding
with the repression of Meis1 target genes and an association
of Prep TSSA binding with the activation of Prep1 target genes.
The reported context-dependent repressive activity of Meis/Hth
proteins is in agreement with these findings (Elkouby et al., 2012;
Huang et al., 2005). In addition, the association of Meis peaks
with Prep1-regulated genes and of Prep peaks with Meis1-regu-
lated genes suggests coordinated actions of Meis and Prep on
some of their targets.

We next profiled the Gene Ontology annotations of potential
Meis and Prep targets (Figure 4D), considering the set of genes
with Meis or Prep peaks in their promoters or transcriptional units
as potential direct targets. For both factors, target genes encod-
ing transcriptional regulators are strongly overrepresented.
Meis-bound genes are strongly enriched for functions involved
in several aspects of development, such as AP pattern specifica-
tion, heart development, nervous system development, and
blood vessel morphogenesis. Meis also binds to genes involved
in cell processes that potentially mediate its leukemogenic prop-
erties, such as cell differentiation and proliferation. In contrast,
developmentally associated genes are only weakly overrepre-
sented among Prep targets, which are instead annotated to
basal cell functions like DNA and histone modification, protein
transport, and signal transduction. These data correlate with
the fact that Meis proteins are expressed in a developmentally
restricted manner, while Prep is a ubiquitously expressed protein
that regulates essential cell functions (Fernandez-Diaz et al.,
2010; lotti et al., 2011).

The TALE-Factor Binding Landscape Subdivides Hox
Clusters into Two Regions with Differential
Transcriptional Responses
Examination of the binding sites of Prep, Meis, and Pbx1 in the
Hox clusters reveals abundant interaction sites (Figures 5A and
5B; Figure S5A), suggestive of extensive crosstalk and autoregu-
lation within the Hox/TALE network. In the Hox clusters, Meis
peaks are the most abundant, occurring mostly in the HoxA
and least in the HoxC cluster. Pbx1 binding sites are less abun-
dant, and of the three factors, Prep binding sites are the least
abundant. In all cases but one, Pbx1 and Prep sites coincide
with Meis peaks. Interestingly, all peaks concentrate in paralog
groups 1-9, with no peak present in paralogs 10-13 in any Hox
cluster, indicating a subdivision of the Hox clusters into TALE-
interactive and TALE-noninteractive regions (Figure 5A; Fig-
ure S5A). ChIP-PCR analysis of Meis binding sites in the HoxA
cluster indicated that the binding profile was variable in different
regions of the embryo and correlated with the expression status
of the HoxA cluster in these regions (Figure 5B).

Previous studies had identified six TALE protein binding re-
gions in the Hox clusters that were mostly involved in coopera-
tion with Hox proteins in auto- and cross-regulatory interactions

(Gould et al., 1997; Jacobs et al., 1999; Lampe et al., 2008; Man-
zanares et al., 2001; Popperl et al., 1995; Tumpel et al., 2007).
Although those interactions were described at a different devel-
opmental stage and only affect a subset of the tissues analyzed
here, we found interactions at the precise sites previously
described in four out of the six regions (Figure 5C).

We then compared Hox gene expression in Meis1-deficient
and Prep1” mutant E11.5 embryos with that in wild-type litter-
mates by RNA-seq. In Meis1-deficient embryos, 22 of the 27
Hox genes from paralog groups 1-9 increased their expression,
while expression of the remaining five decreased or was main-
tained (Figure 5D). In contrast, seven of the eight Hox genes
from paralog groups 11-13 decreased their expression and
expression of the other was maintained (Figure 5D). Paralog 10
genes showed variable behavior, with Hoxa70 expression being
reduced, Hoxc10 increased, and Hoxd10 maintained. Although
many of the expression changes are moderate and would not
be significant in isolation, the correlation of the expression
changes with the position of the genes in the cluster significantly
(p < 0.05) diverges from the transcriptomic average for all clus-
ters except the 3’ part of cluster C (see Experimental Proce-
dures). These results suggest that Meis function moderates the
expression of paralog groups 1-9 while enhancing expression
of paralog groups 11-13. Paralog group Hox10 seems to be
placed in a frontier region, with the influence of Meis activity de-
pending on the specific Hox cluster.

While expression of many Hox cluster genes does not
change in Prep1” E11.5 mutants, the 5' genes show changes
opposite to those observed in Meis1-deficient embryos (Fig-
ure 5D). An opposite regulation to that observed in Meis1-defi-
cient embryos was also observed in all cases for paralog
group 1, extending to paralogs 1-4 in the case of the HoxD
cluster (Figure 5D).

These results show interactions between Prep and Meis in the
global modulation of Hox gene expression. From the six previ-
ously described regulatory interactions, four are detected in
our study, suggesting that the observed regulatory effects
involve direct interactions linked to the described binding sites.
This view is further supported by the correlation between the
Meis binding profile and HoxA cluster expression and by the
coincidence between the Meis/Prep/Pbx binding profiles and
the transcriptional response landscape in the Hox clusters.

Additional genetic interaction studies showed no interaction
between Prep1 and Meis1 loss-of-function alleles (Extended Re-
sults; Table S5; Figure S6), suggesting that the critically affected
functions in these mutants are independent. This is consistent
with the predominantly independent DNA-binding activities
observed for each factor. In contrast, the strong genetic interac-
tion between Meis1 and Pbx1 (Table S8) correlates with the pre-
dominance of Pbx-Hox binding sites within the Meis ChIP
peaks.

(C) Representation of previously described TALE factor binding sites in the Hox clusters. Black bars indicate exons, and gray bars indicate introns or intergenic
regions. For each case, a representation of the Hox cluster subregion with the ChIP-seq peaks is shown above and a zoom showing the specific sequences
previously described and their position with respect to the peaks here described (color stripes) is shown below.

(D) Differential transcriptional response of the 3’ and 5’ halves of the Hox clusters to Meis? and Prep1 deficiency. Graphs show the change in transcript levels
(percentage) between controls and mutant Meis7 ko and Prep1” E11.5 embryos.

See also Figure S5.
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Figure 6. A Representation of PREP and MEIS Homeodomain Factor Activity in Regulating Gene Expression
Meis and Prep proteins cooperate to regulate gene expression. Prep binds mostly to promoters in conjunction with Pbx. Meis binds mainly to non-TSSA regions in
cooperation with Hox proteins, often without contacting DNA. They often show opposing activities.

DISCUSSION

In this study, we have analyzed genomic binding sites for Pbx1,
Meis1/2, and Prep1/2. While Pbx3/4 and Meis3 were not stud-
ied, the similarities of these proteins to the members of the family
studied here suggest that their binding repertoires will be com-
parable. In addition, the expression patterns of the studied pro-
teins cover the majority of tissues in which their counterparts are
expressed. This analysis is thus a near-comprehensive picture of
the general binding abilities of TALE factors in the mammalian
embryo. The results highlight the specialization of Prep and
Meis in binding largely independent genomic elements through
selection of different DNA sequences. The contrast with the pre-
viously reported in vitro activities suggest that Meis and Prep
gain additional binding specificity in vivo through interaction
with cofactors or chromatin landmarks. While Prep1 interacts
preferentially with promoters and nearby regions, Meis shows
preference for intergenic and intragenic regions away from
TSSA regions. Prep could thus directly control promoter activity,
while a substantial part of the Meis sites coincides with en-
hancers. A number of Meis binding sites remain functionally un-
defined and, despite their high evolutionary conservation, do not
correlate with the described marks of known constitutive chro-
matin factors such as CTCF and others (not shown). These re-
sults suggest that a proportion of Meis sites are evolutionarily
conserved protein-DNA interaction regions whose function re-
mains to be explored. In addition, Prep mostly participates in
dimer formation with Pbx, while Meis is predominant in Pbx-
Hox interactions on targets.
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These findings suggest that during evolution, Meis and Prep
proteins acquired specialized functions enabling them to interact
with specific subsets of regulatory regions and target genes (Fig-
ure 6). Functions of the MEINOX and PBC proteins extend
beyond the regulation of Hox protein activity. The complete
loss of function of exd or hth in Drosophila results in the early fail-
ure of embryonic development due to defects in cell division at
stages when Hox genes are not required (Rauskolb et al.,
1993; Salvany et al., 2009). The ontology analysis of the targets
bound by Meis and Prep, together with the functions previously
described for Meis1 and Prep1 in mice, suggest that Prep has
specialized in the basic cellular functions, which would be Hox
independent, and Meis has specialized in patterning functions
more related to Hox activity. Whether the sum of the functions
of Meis and Prep corresponds to those exerted by the single
MEINOX in flies (Hth) or, alternatively, involves the acquisition
by either factor of new functions related to vertebrate evolution
remains to be explored.

Regarding the interaction with Pbx, we found that Prep binds
DNA preferentially as a dimer with any of the Pbx proteins. The
strong overlap between thymic Pbx2 sites and embryonic
Pbx1 sites also shows that the two proteins can substitute
each other, and hence provides a molecular basis for the
concept of Pbx redundancy (Selleri et al., 2004).

The data presented point to Meis factors as major in vivo part-
ners of Hox proteins, cooperating with them in target selection
with little contribution from Prep. Identifying the genomic binding
sites of the 39 mammalian Hox proteins is a major challenge that
is still far from being achieved. Given the general requirement of



Hox proteins for cooperation with TALE factors, and the fact that
TALE proteins can interact promiscuously with Hox proteins, the
putative binding sites presented in this study likely represent the
most comprehensive set of in vivo Hox genomic targets yet
identified.

Despite the extensive divergence in their genomic binding pat-
terns, Meis1 and Prep1 do show coregulation of some down-
stream genes, with opposing effects predominating. Some of
these antagonistic interactions might underlie the opposing roles
of Meis1 and Prep1 in tumor formation, where Meis1 function
promotes tumor formation while Prep1 behaves as a tumor sup-
pressor (lotti et al., 2011; Longobardi et al., 2010; Thorsteinsdot-
tir et al., 2001).

A striking case of coordinated regulation was observed in Hox
gene regulation, where the TALE protein binding profile and tran-
scriptional regulatory activity subdivide Hox clusters into two re-
gions: the paralog 1-9 region and the paralog 10-13 region.
These results highlight the important role of TALE factors in glob-
ally regulating Hox gene expression, in addition to serving as
cofactors of Hox proteins. The modulation of Hox cluster tran-
scriptional activity may be the result of global conformational
changes promoted by TALE factors, since paralog groups 10—
13 are not directly bound by TALE factors, yet they are sensitive
to their levels.

Our work thus identifies TALE and TALE-Hox binding sites,
target genes, and in vivo specificities that increase our under-
standing of the molecular pathways controlled by this regulatory
network in development and disease.

EXPERIMENTAL PROCEDURES

ChIP-Seq and ChiP-Re-ChIP

ChlPs were performed using standard methods on E11.5 mice embryo trunks.
We used anti-Prep1/2 antibody, anti-Pbx1 antibody, and a mix of anti-Meis an-
tibodies. The same antibodies were used for ChlP-re-ChlIP.

ChIP-Chip

ChlIPs of mouse thymocyte lysates were performed as described above with
anti-Prep1/2 antibody and anti-Pbx2 antibody on thymuses from 6- to 8-
week-old C57B6 mice. The resulting DNA was hybridized to a Nimblegen
mouse RefSeq promoter array.

ChIP-Seq Data Analysis

ChIP DNA was sequenced using an lllumina GAIl analyzer. Single-end 36 bp
reads were mapped with BWA software against mm9 version of the mouse
genome. The alignments were then used for peak calling, de novo motif dis-
covery, and motif identification and validation with MotIV.

ChIP-PCR

For comparison of AP occupancy of Meis peaks, E11.5 embryos were
dissected as shown in the diagram in Figure 5B and ChIP was carried out as
described above. DNA was then subjected to PCR for 30 or 35 cycles, depend-
ing on primers, to avoid saturation.

RNA-Seq Data Analysis

Total RNA was purified from whole E11.5 mouse embryos, and a library was
prepared and sequenced on the lllumina platform according to the manufac-
turer’s instructions. Approximately 7M reads per sample were aligned to
mouse mm9, and transcript expression was estimated with mouse Ensembl
63 genebuild as a reference.

Exploratory Data Analysis
Peak overlapping, correlation with RNA-seq data, and conservation data ag-
gregation were performed on the Galaxy platform.

Individual instances of the core motifs within all peaks were searched with a
local install of the FIMO (Find Individual Motif Occurrences) program from the
MEME suite.

Peak profiling was performed using custom Python scripts and the CEAS
(Cis-regulatory Element Annotation System) tool.

EMSA
Nuclear extracts were isolated from cells prepared from E11.5 mouse embry-
onic body. EMSA reactions were performed following the standard protocol.

Gene Ontology Analysis

GO term overrepresentation was assessed with GOrilla, comparing the lists of
genes with Meis or Prep binding sites against the list of all nuclear genes in
Ensembl v63, with a p value cutoff of 107°. We considered those genes that
have a Meis or Prep peak in their promoter (—500 to +100) or within the tran-
scriptional unit.

Animal Procedures
All animal procedures have been reviewed and approved by the CNIC Animal
Experimentation Ethics Committee, according to the National and European
regulations.

For further details, see Extended Experimental Procedures.
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