Interplay between chromatin and transcription factors

drives pituitary cell fate specification

By

Alexandre Mayran

Department of Medicine, Division of Biochemistry

McGill University, Montreal

A thesis submitted to McGill University in partial fulfillment of the requirements of
the degree of Doctor of Philosophy

November 2018

© Alexandre Mayran, 2018



Table of contents

List Of ADBIreviations ........oi i 7
AD STIACT .o 9
RESUMEG ... 10
ACKNOWIEAGMENTS ..o e e e e e e e e e e eeanees 11
Contribution to original KNOWIedge...........uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeens 13
Objectives Of the theSIS. ... e 14
(@ g F=T o] =70 bl [ Y 0 o L¥ ] § Lo o SN 16
1 Atale of differentiation .......cccccovviiiiiiiiiii e 17
2 Epigenetic control of tranSCription .............uuveuiiiiiiiiiiiiiiiiiiiiiiiienn. 20
3 The pituitary, a model to study the establishment of cell identity ......... 24
3.1 Pituitary 0rganogenesSiS ..o i 25
3.2 Composition and differentiation of pituitary cells ..., 27
3.2 1 The pPOSterior 0D . ... i 27
3.2.2 Theintermediate [0De .....cccooiiiiiiiee e 28
I T B (13- 1o =T o gl (o] o1 29

4 Pioneer factors shape the epigenetic landscape .........ccceeeeveeeeiieee, 34
Pioneers set the stage: assisted-loading and settler factors ...........cccccceeeeeee. 37
The pluripotenCy faCIOrS ... 37
Lineage-specifying pioneer factorS.......cocveeii i 38
Pioneer interactions with DNA and chromatin ..............c.cccuveviiiieiiiiiiiii. 40
Epigenetic remodeling by pioneer factorsS............uuuvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 40
Barriers to pioneer binding and aCtiON .............uuuuiiiiiiiiiiiiiiiiiiiiiieieeiieeeeee 42
Stability of pioneer-induced chromatin remodeling........ccccceeeiiieiiiiiiiiiiie e, 44
(Lo Y Y=t ol o Tod o T T o=V g o = 45
PEISIPECTIVE ..ttt a7
(O7eT o1 [To] Ao ] AT 0} (=T (=] £ SRPPRPRRRN 48
] (=T =] ol = 49
FIQUIES @nd TAD1E .....e it 62
5 Pax factors in transcription and epigenetic remodelling...........cccc........ 65
Y 0 1= 1 - U (PR 65
R 1 4 o Yo 1Yo 1 o] o S 66
2. Multiple DNA binding modalitieS .........coooeeieiiiiiee 66



3. Transactivation domains and coactivatorS.........oeeuiiiiiiiieeeiiieicee e 72
4. Transcriptional repression by Pax factors and corepressors.........cccccveenn. 73
5. Co-regulatory DNA binding transcription factors ............ccccevvviiiiiiie i, 74
6. Regulation of Pax factor aCtiVity ..o 75
7. Pax factors in chromatin remodelling ... 76
8. Pax factors as pioneers for chromatin remodelling ..........cccccvviieiiiieennniinnn, 79
9.  Conclusions and PErSPECLIVES ....iiiiiiiiiieiice e e e e e e aaenes 80
=] (=T =T Lol = 82
o [0TSR 95
Chapter Il: Pioneer factor Pax7 deploys a stable enhancer repertoire for
specification of Cell fate .......ooevviiiiii e 100
AUTHOR CONTRIBUTIONS .....citiiieiiiiiiiiitie e e e et e e e e e e e a e e e e e e s s snnsnnaeaaeees 101
AB ST RA CT ..ttt et e e e e e e — e e e e e e s e ——aaa e e e e a i r—aaaaaaas 101
INTRODUCTION ...cutiiiiiiie e e e e et e et e e e e e e e e st e e e e e e e e e s s s aarrnaaaaaeeeaaannnnenees 102
RESULT S cciiiie ettt ettt e e e e e e e ettt e e e e e e e s st b et e e e e e e e e s s sssseneaaaaeeeasannnsnnees 103
Lineage-specific chromatin accessibility at distal, but not promoter, elements
............................................................................................................................. 103

Pax7 is required for deployment of the melanotrope enhancer repertoire....104
Pax7 is sufficient for deployment of the melanotrope enhancer repertoire...105

A unique chromatin environment for pioneering.........ccccccvveeeeiieeeiieeiieeee e, 107
Pax7 binds quickly but acts slowly at pioneering targets............cccceeeeeeeeenn. 107
Pax7 pioneer action leads to loss of DNA methylation and long-term
chromatin acCesSibility . ..o e 108
DISCUSSION ...ttt e e et e e e e ekt e e e e nbbe e e e e anbe e e e e e nees 109
COMPETING FINANCIAL INTERESTS ...ttt 112
ONLINE METHODS ...ttt e et e e nan e e e 113
REFERENGCES ...ttt ettt ek e et e e e e nbe e e e e nees 115
FIGURES ... e e e et e e e et e e e aaeas 120
Chapter Ill: Pioneer and nonpioneer cooperation drive lineage specific
ChIrOMALIN OPENING ...uui i e e e e e aa s 145
AULNOT CONTIIBULIONS 1o e e e e e aaaane 146
N o 1] = T PR 147
[N e To 1¥ o] § Yo ¥ o 1P 148
TS U | = PP 149
Diversity of pituitary cell ineages. ..., 149



Lineage-specific chromatin landSCapes .......ccuuvuiiiiiiiiiiiiiiiiii e 151

Pax7 is required for phenotypical features of melanotropes.........cccccceeeee.. 152
Pax7 and Tpit are required for opening cognate lineage-specific enhancer
F=T Yo o =T o 1= SRR 153
Pax7-dependent chromatin opening also requires Tpit ........cccceeeiiiiiiieeeeeeen, 154
Productive Pax7 pioneer action in Tpit-positive cells .......ccccoooeiiiiiiiiiiiennenn. 155
DT ESTod U ST Lo o R 157
Y711 o o PP 160
] (=T =] o] = PR 165
Lo [0 = U 170
SUPPIEMENTAIY FIQUIES coviiiiii et e et s e e e e et e e e e e e e eeanees 184
Chapter 1V: DISCUSSION ... .ccciiiiieeici e et e e e e e e e e 192
1. Transcriptional and chromatin landscape diversity within the pituitary. ..193
2. Chromatin landscape of pituitary differentiation..............cccccccviiieenn i, 195
3.  Mechanism of pioneer-driven chromatin opening ..........cccccevvviiieeiieeeeeeennnns 196
4., General CONCIUSION ...ttt e e e e e et a s e e e eeaeennees 201
REFEIENCES ..o 202
APPENAIX i 207
Appendix 3: The pentadactyl state relies on a pioneer activity of the
HOXA13 and HOXD213 transcription factors (Desanlis et al.).....ccccccceeveeen.. 209
AUTHOR CONTRIBUTIONS . ....ciiitieeiiiitiiiet e e e e ettt e e e e e e s s snnaaaeeaa e e e e s s nnnnnnaneaees 211
AB ST RA C T ..ttt e e e e ettt e e e e e e e et — e e e e e e e e a i —rraaaeee e e e nraraaaaeen 212
R I = PP 213
ACKNOWLEDGEMENTS ..o aeas 218
AUTHOR INFORMATION ....eiiiiiiiiee e ettt e e e ettt a e e e e e e s staaaee e e e e e e s e annsnnaeeaeees 218
METHODS (ONLINE-ONLY) ..uttitttiteeeeeeeitiieiieee e e e e e st eeeaaeeaessnnnneeeeeaaeesaaennnsnnees 218
REFERENCES ... e e e e e et e e e e aeas 222
FIGURE ..ottt i e e ettt ettt e e e e e e e ettt e e e e e e e e st ee e e aaeee e e e s snnseneaaaaeeeaeannnrnnnes 224
SUPPLEMENTARY FIGURES ...ttt e e e e e snannanna e e e e 232



List of Figures

Chapter I: Part 1, 2 and 3

Figure 1: Waddington’s view of epigenetic control of cell fate. ...................ccccccovvvvevvevvevvennnn. 18
Figure 2 : Expression of human transcription factors across 32 organs and tissue............. 19
Figure 3: Chromatin accessibility and histone marks at regulatory elements........................ 21
Figure 4: Tet-mediated pathway of DNA demethylation..........cccoceveoereneenineenincreeee 24
Figure 5: Development and differentiation of the pituitary from........ccccccoevevininivniincncen 27

Chapter | : Part 4

Figure 1. Salient properties of pioneer faCtOrS. .....ccvvieieieieeeee et 62
Figure 2. Current scheme of PIONEEr aCtiON.......ccoeveiririeirieeeees e 63

Chapter | : Part 5

Figure 1. Structure of Pax transcription factOrS.......ccccocveveeeecie e 95
Figure 2. DNA target sites of Pax factor DiNdiNg......cccccecvevveveeieseeceeeeeeeec e 96
Figure 3. Gene targets of Pax factor @CtiON. .......ccoovevievieiieeee et 97
Figure 4. ChIPseq analyses of Pax genomic binding Sit€S. .......cccoevvevvevveiveiesiececeeeee e 98
Figure 5. Co-regulator proteins interacting with Pax factors.........cccvevvvenevnencnninecree, 99

Chapter Il :

Main figures :
Figure 1. Unique enhancer, but not promoter, repertoires define lineage-specific chromatin

[ANASCAPES. ...ttt etttk 120
Figure 2. Pax7 binds melanotrope-specific DARs and is required for expression of
MeElaNOtrOPE-SPECITIC GENES. ..ottt sttt et s et sse et e atesansenes 122
Figure 3. Pax7 pioneers chromatin opening at a subset of sites that had no previous
recognizable ChromMatin MarK.........cocceeiiiieiieeeeee ettt e e e e s reearees 124
Figure 4. A unique chromatin environment for pioneering by Pax7........cccocvevvvevvecveevveneennen. 126
Figure 5. Pax7 binds quickly but acts slowly at pioneer Sit€S.......cccovvvvevvvevvevvecireieeieceee, 128
Figure 6. Long term epigenetic memory and DNA demethylation.........cccccceevevvecvecieeveseeennen, 130

Figure 7. Pioneer action and chromatin states defined by Pax7-dependent transitions.... 132

Supplementary figures :
Supplementary figure 1. High degree of correlation between RNA-seq and ATAC-seq

replicates of FACS-enriched pituitary CelIS. ...ttt 134
Supplementary figure 2. Lineage-specific transcriptional program controlled by cell-

LY O L=Tod L 1o 7N = U 136
Supplementary figure 3. DNA-sequence-motif searches at DARs identify Pax7 as a cell-fate
(=0 LU o S 138
Supplementary figure 4. Analysis of subsets of Pax7 genomic targets. .......cccocvvvvevevecvennnns 140
Supplementary figure 5. DNA sequence motifs identified in Pax7 subsets..........ccccoeeveuvnnns 142
Supplementary figure 6. Validation of chromatin-mark data produced in this study.......... 143
Supplementary figure 7. Characterization of inducible ER-Pax7 cells..........ccccoovverineenns 144

Chapter 11l :

Main figures :
Figure 1. Transcriptional complexity of the pituitary adult gland...........cccccooerirenininieen 170



Figure 2. Lineage-specific chromatin access reveals lineage regulators ..........c.cceceeeeenee. 172

Figure 3. Pax7 implements melanotrope features onto a shared POMC cell identity ......... 174
Figure 4. Pax7 and Tpit are required for opening cognate enhancer landscapes................ 176
Figure 5. Pax7 dependent chromatin landscape requires TPit.......ccocevveveevievievieeieieieieieiens 178

Figure 6. Pax7 binding on closed chromatin is only productive in Tpit-expressing cells. 180
Figure 7. Stepwise model of pioneer and nonpioneer cooperation for chromatin opening.

.................................................................................................................................................................... 182
Supplementary figures:

Figure S1. Validation of single cell RNASEQ data.........cccceeveveieievisiieiieieieiesese e 184

Figure S2. Chromatin landscapes in other pituitary lin€ages. ......cccccevvevevvevevesveveeeieieenn, 186

Figure S3. FACS analyses of wild-type (WT) and Pax7-/- POMC-EGFP pituitary cells........ 188
Figure S4. Dispersion plot comparing ATACseq signals in WT and Pax7+/-;Tpit+/- IL cells.

.................................................................................................................................................................... 189
Figure S5. Q-PCR validation of Pax7 and/or Tpit-dependent accessibility (ATACseq). ..... 190
Figure S6. Comparison of Pax7 ChIPseq data in AtT-20 and aT3 cells. .....cccccevvrerevreinenn. 191
Appendix:

Appendix 1: Gldc, Fndc3cl and Gpr50 are not expressed in melanotropes. ......cccccecevueeeee. 207

Appendix 2: Pituitary stem cells transitioning towards differentiation from scRNAseq.... 208

Appendix 3:
Main Figure:
Figure 1. HOXA13 and HOXA11 bind specific limb cis-regulatory modules............ccc..c........ 224
Figure 2. Loss of HOXA11-HOX13 specificity following ectopic Hoxall expression......... 226
Figure 3. HOXA13 specific binding is linked to HOX13-dependent chromatin accessibility.
.................................................................................................................................................................... 228
Figure 4. HOX13-dependent opening of the enhancer controlling Hoxall antisense
tranSCription iN tEIFAPOUS ..ottt st sne e sesenses 230
Supplementary Figure:
Supplementary figure 1. Validation of HOXA11 ChlPseq in E11.5 mouse limb bud............ 232
Supplementary figure 2. Association between ectopic HOXA11 binding sites and HOXA13
] LYo o] 1 = 233

Supplementary figure 3. ATACseq analyses in HOX13-/- compared to wild type mice...... 234



List of Abbreviations

AL: Anterior Lobe

AR: Androgen Receptor

ATACseq: Assay for Transposase of Accessible Chromatin followed by high throughput
sequencing

ChIPseq: Chromatin Immunoprecipitation followed by high throughput sequencing
DAR: Differentially Accessible Region
ER: Estrogen Receptor

FSH: Follicle-Stimulating Hormone
GH: Growth Hormone

GR: Glucocorticoid Receptor

IL: Intermediate Lobe

LH: Luteinizing Hormone

NIL: Neuro-Intermediate Lobe

Pax: Paired box

PF: Pioneer factor

Pitx: Pituitary Homeobox

POMC: Pro-Opiomelanocortin

Prl: Prolactin

TAD: Topologically associated Domain
TF: Transcription Factor

TSH: Thyroid-Stimulating Hormone
TSS: Transcription Start Site



A mes grands-parents



Abstract

Complex organisms begin as a single undifferentiated cell, the zygote, which derives a
multitude of highly specialized cell types through sequential rounds of differentiation. Cell
fate specification is the fundamental process by which cells engage towards
specialization. Cell fate transitions during normal development are poorly understood. My
work focused on the role of pioneer factors during differentiation. These transcription
factors find their target sites even concealed in closed chromatin leading to chromatin
opening and binding of nonpioneer transcription factors.

We first studied pioneer driven cell differentiation of two pituitary lineages, melanotropes
and corticotropes, that both express the pro-opiomelanocortin (POMC) gene. We showed
that Pax7 pioneer action drives melanotrope specification in vivo by opening a new
enhancer repertoire. We uncovered pioneer action dynamics using an engineered
inducible Pax7. Pax7 can locate its target rapidly (less than 30 minutes) but initially binds
weakly. Then, Pax7 binds strongly in less than 24h while chromatin opening is slow and
progressive over more than three days. Following Pax7 withdrawal, long-term memory of

pioneer action is associated with loss of DNA methylation.

We then, investigated the role of nonpioneers during pioneer driven chromatin opening.
The typical model of pioneer factor action assumes that nonpioneers are passive in this
process and that they opportunistically bind newly accessible chromatin, yet this was
never tested. The pioneer factor Pax7 acts as the specifying factor for melanotropes fate
while the nonpioneer Tpit acts as the determining factor of both melanotropes and
corticotropes. Chromatin accessibility is affected in Pax7 or Tpit deficient mice; they are
required for the opening of their cognate program. Strikingly, in the absence of Tpit, Pax7
fails to drive melanotrope chromatin opening. Ectopically expressed Pax7 confirmed that
Pax7 bind closed chromatin regardless of Tpit expression while Tpit is unable to bind
closed chromatin in absence of Pax7. However, in the absence of Tpit, Pax7 does not
open chromatin. In summary, we propose that cooperation between a pioneer factor and

a nonpioneer factor drives lineage specific chromatin opening.



Résumeé

Tous les organismes multicellulaires débutent par le zygote, une cellule non différenciée
gui dans le développement embryonnaire se différencie en multiples types cellulaires
spécialisés. La spécification du destin cellulaire est un processus fondamental par lequel
la cellule s’engage en différenciation. Les transitions de destin cellulaire durant le
développement sont mal comprises. Mon travail s’est concentré sur le role des facteurs
pionniers durant la différenciation. Ces facteurs sont capables de trouver leurs cibles
méme lorsque 'ADN est inaccessible dans de la chromatine fermée et permettent
l'ouverture de la chromatine et la liaison de facteurs non-pionniers.

D’abord, nous avons étudié I'implication de I'action pionniére lors de la différenciation de
deux lignées hypophysaires, les mélanotropes et les corticotropes, qui expriment
toute deux le géne de la pro-opiomelanocortine. Nous avons montré que I'action pionniere
de Pax7 dirige la spécification des mélanotropes in vivo en ouvrant un nouveau répertoire
d’enhancers. Nous avons découvert la dynamique de l'action pionniére a I'aide d'une
version inductible de Pax7. Pax7 trouve ses cibles rapidement (moins de 30 minutes) mais
initialement les lie faiblement. Pax7 est ensuite stabilisé sur ses sites en moins de 24h
alors que l'ouverture de la chromatine est lente et progressive sur plus de trois jours.
Apres retrait de Pax7, I'action pionniére de Pax7 est stable et associées a une perte de la
méthylation de 'ADN.

Nous avons ensuite étudié le rbéle des facteurs non-pionniers dans l'ouverture de la
chromatine dépendante des facteurs pionniers. Le modéle classique de I'action pionniére
présume que les non-pionniers sont passifs dans le processus et lient la chromatine
nouvellement accessible de maniere opportuniste, mais cela n’a jamais été testé. Le
facteur pionnier Pax7 agi comme spécificateur du destin mélanotrope alors que le facteur
non pionnier Tpit agi comme facteur de détermination pour les mélanotropes et les
corticotropes. L’accessibilité de la chromatine est affectée dans les souris déficientes pour
Pax7 ou Tpit, chacun est requis pour I'ouverture de son programme respectif. De maniére
remarquable, Pax7 ne déclenche pas I'ouverture de ses régions cibles en I'absence de
Tpit. L'expression ectopique de Pax7 en présence/absence de Tpit confirme que Pax7 lie
de maniére stable la chromatine fermée en présence/absence de Tpit alors que Tpit ne
lie pas la chromatine fermée en I'absence de Pax7. En revanche, en I'absence de Tpit, la
liasison de Pax7 ne permet pas l'ouverture de la chromatine. Nous proposons qu’une

coopération entre pionniers et non-pionniers permet I'ouverture de la chromatine.
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Objectives of the thesis

Patients afflicted with cellular defects or organ failure would benefit from cell-based
therapy or organ transplantation. This requires finding a compatible donor and forces the
patient to take immuno-suppressive drugs for the rest of their lives to avoid organ rejection
of the transplanted organs. Regenerative medicine aims to bypass this by using the
patient’s own cells to replace defective cells or function. The ability to control cell identity
is thus critical to achieve appropriate organ function.

Previous work in the laboratory revealed that Pax7 is a selector gene for melanotrope
identity and that it is required to prevent the activation of the pituitary corticotrope program
in melanotropes in mice. Further, Pax7 act as pioneer factor in AtT-20 cells, a corticotrope
model cell line, as its binding to closed chromatin leads to the binding of another factor,
Tpit, to newly accessible sites. As such, my PhD project used pituitary cell differentiation
as a model system to study the molecular mechanisms of cell specification.

In Chapter I, we sought to expand on this work. We first defined the chromatin and
transcriptional landscape using ATACseq and RNAseq in normal corticotropes and
melanotropes. Then, we assessed from transcriptional and chromatin accessibility the
consequences of Pax7 loss of functions in melanotropes. We also defined the nature of
the enhancer repertoire deployed by Pax7 in Pax7 gain-of-function experiments and
identify the limits to Pax7 reprogramming. An engineered inducible Pax7 allowed the
dissection of Pax7 pioneer action at the level of Pax7 binding, chromatin opening and
gene activation. Finally, Pax7-driven remodeling is stability at the level of chromatin

accessibility and transcription factor binding.

Chapter Il expands on chapter Il and investigates the involvement of the nonpioneer
factor Tpit during Pax7-driven chromatin remodeling within the context of determination
and specification mechanisms. We first developed our transcriptional and chromatin
analyses of pituitary lineages using single cell RNAseq and ATACseq analyses of adult
murine pituitary cells and of purified anterior lobe cells. We investigated the role of Pax7
and Tpit for the establishment of their cognate lineages using ATACseq analysis of
intermediate lobes from mice deficient for Pax7, Tpit or both. We finally defined that Tpit
and Pax7 are both essential but with distinct roles during lineage-specific chromatin

opening uncovering that nonpioneers are also important for pioneering. By showing that

14



Tpit provides the chromatin opening function, our work further restricts the unique features

of pioneer action to recognition of heterochromatin sites and initial local remodeling.
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Chapter I. Introduction
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1 A tale of differentiation

From animals, to fungi or green algae, multicellularity has evolved several times
during evolution [1]. This suggests that multicellularity provided an evolutionary
advantage compared to unicellular species. Acquisition of multicellularity allowed
organisms to dedicate certain tasks such as digestion, reproduction or mobility to
specialized cells. Like many evolutionary transitions, this progressive
specialization is recapitulated during the development of multicellular organisms.
Indeed, human development starts from a unique cell, the zygote that comes from
the fusion of the paternal and maternal germ cells. The zygote and its initial
derivatives are totipotent stem cells, they will divide and replicate themselves many
times but this mass of cells remains unspecialized, yet it has the potential to give
rise to the whole set of cell types that are required for embryogenesis. The
formation of the blastula constitutes the first event of specialization as it is
composed of two distinct structures: the inner cell mass and trophoblasts. The
inner cell mass will give rise to the embryo while the trophoblast lineage is the
source of the extra embryonic structures making this the first event of cell fate
specification. Cells of the inner cell mass are pluripotent; they will give rise to the
numerous cell types found in the embryo. However, hundreds of cell types
compose the numerous tissues and organs. As such, many more cell fate
decisions need to accumulate. This creates a lineage tree of cell fate differentiation
where each branch is a new decision. Every new decision will be more restrictive
than the previous one and will further limit cell fate potential. This ensures a tight
control of cell identity preventing cell types to switch between identities. Recent
advances in single cell transcriptomics have revealed the underestimated
complexity of cell types. Indeed, in the developing mouse brain alone, 100 different
cell types were identified [2]. This enormous complexity requires a precise control
of cell fate transitions to establish the appropriate program. In 1940, Waddington

portrayed this control of cell identity as the epigenetic landscape (Figure 1).
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Figure 1: Waddington’s view of epigenetic control of cell fate.

{

(From C.H. Waddington, The Strategy of the Genes; a Discussion of Some
Aspects of Theoretical Biology, Allen & Unwin, London 1957)

He considered differentiation as trajectories that originate from the same starting
state. According to Waddington, every decision corresponds to cells shifting
towards one specific identity rather than another. Hills and valleys ensure that once
engaged, each cell must follow its trajectory and that some forces must keep cells
in their appropriate lineages. He envisioned that minor disturbance to trajectories
would not impair the final state of the cell because of compensatory mechanisms

ensuring normal differentiation.

Although the mechanistic basis of cell fate transition was not known at his time,
what Waddington described as valleys correspond to transcription factors that
drive cell differentiation by activating gene regulatory networks; and hills may
correspond to the epigenetic landscape that can limit the reach of transcription

factors.
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Figure 2 : Expression of human transcription factors across 32 organs and

tissue from [3]

Transcription factors are an important class of proteins that binds specific DNA
sequences and in turn activate or repress transcription. They are typically modular
and contain a specific well-structured DNA binding domain (e.g. Zinc Finger, Helix
Loop Helix, T-box, Homeodomains, Paired domain...) that is reflected by the
names of transcription factor families. In addition, most transcription factors contain
a transactivation domain or a repressor domain that is able to interact with co-
activators or co-repressors to activate or repress gene transcription. These factors
act on transcription by binding directly to the promoter of their target genes and /
or, more frequently, to distal regulatory elements. Typically, enhancer-dependent
trans-activation by transcription factors is thought to act by release of paused RNA
polymerase that is already loaded onto the targeted promoter. Multiple families of

transcription factors exist, and these exert multiple roles ranging from cell cycle
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progression, cell differentiation to repression of transposable elements [4]. For the
most part, they are highly conserved both at the level of their sequence and their
functions. Transcription factors can respond to ligands in the case of nuclear
receptor such as the glucocorticoid or the estrogen receptors responding to
glucocorticoids and estrogens respectively [5, 6]. In this case, these factors
regulate cell responses to external signals. Every cell type is barcoded by a unique

combination of transcription factors (Figure 2, [3]).

Although many transcription factors are expressed in a given cell type, usually
expression of a limited set of critical transcription factors is sufficient to drive cell
fate. These master regulators can drive lineage transition, this is exemplified in the
ectopic expression of Myodl in various cell types which are then reprogramed
toward the myogenic lineage [7]. Another case of induced trans-differentiation
concerns transformation of fibroblast into hepatocyte-like cells by ectopic
expression of HNF4a together with Foxal/2/3 [8]. Interestingly, Myod1 and HNF4
also play a major role in normal myogenesis and hepatocyte differentiation
respectively [9, 10]. Every cell type probably has its own set of critical factors that
are required and/or sufficient for differentiation. However, for the sake of
conciseness, we will focus on factors that are involved in normal development and

differentiation of the pituitary, which was the focus of my doctoral studies.

2 Epigenetic control of transcription

The genome is the fundamental unit of all known organisms. In multicellular
organisms, every cell contains the same genome, which in human is 2 meters long
and compacted into chromatin fibers within a 10um nucleus. In complex
organisms, from neurons and their unique physiology to endocrine cells and their
secretory capacity or the contractile ability of muscle cells, it seems impossible that
the same genetic material can give rise to such dramatically different phenotypical
features. However, each cell can only access a unique portion of the genome.
Chromatin compaction restricts the accessible portion of the genome and occurs
at different levels (reviewed in [11]). The smallest unit of chromatin compaction is
the nucleosome, a model proposed by Roger Kornberg in 1974. Each nucleosome
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is made of pairs of 4 histone proteins Histones H2A, H2B, H3 and H4. The
nucleosome is surrounded by 147bp of DNA [12] with linker DNA between two
nucleosomes, this is known as the beads-on-a-string-model. Two nucleosomes
are connected by the linker histone H1 which allows the formation of higher order
structures in chromatin [13] such as the 30 nm chromatin fiber [14]. Nucleosome
binding to DNA is strong and stable; as such, it constrains the genome and may
prevent access to the transcriptional machinery. Thus, packaging of the genome

segregates the DNA into accessible and inaccessible portions.

a Chromatin as accessibility barrier
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Figure 3: Chromatin accessibility and histone marks at regulatory elements

from [15]

Although nucleosomes strongly associate with DNA, this binding can be modulated
as nucleosomes can be evicted resulting in naked DNA that becomes accessible
to the transcriptional machinery (Figure 3a). Histone variants or post-translational
modifications of histone affect how nucleosomes can interact with DNA. For
example, H2AZ, a variant of histone H2A and H3.3 a variant of histone H3 are
often found at active promoter regions [16] and this was shown to alter nucleosome

stability [17]. Post-translational modifications of histones were also associated with
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different types of DNA regions establishing a histone code as characterized by
David Allis [18] Promoters and enhancers are uniquely marked by a combination
of histones post-translational modifications (reviewed in [15, 19], Table 1) . Active
enhancers are marked by the combination of histone H3 lysine 4 mono-methyl
(H3K4mel) together with H3K27ac while active promoters for example are marked
with the H3K4me3 and H3K27ac marks (Figure 3b, c). Incomplete activation of
enhancers and promoter corresponds to a primed state where the H3K27ac is
missing from promoters or enhancers. These primed enhancers/promoters may
allow a fast transcriptional response. In undifferentiated cells such as embryonic
stem cells, bivalent promoters present both the active mark H3K4me3 together
with the repressive mark H3K27me3 [20]. This is usually resolved during
differentiation and ensures gene activation or gene repression once cell fate is
decided. In addition, constitutive and facultative heterochromatin are thought to be
marked with H3K9me3 and H3K9me2, respectively. Every histone modification is
deposited, read or removed by different enzymes as reviewed in [19]. The histone
acetyl transferase p300/CBP for example can deposit the H3K27ac mark while
Polycomb group proteins deposit the repressive H3K27me3. Multiple enzymes of
the MLL/Setl family can methylate histone H3 and H4. A whole range of post-
translational modifications of histone exists, and new modifications are constantly
being discovered (for a detailed review, see [21]). These modifications are often
highly dynamic during differentiation and understanding the mechanism for their
deposition and removal is paramount to understand gene regulation in the context

of differentiation and disease.

Histone modification Genomic location Activation/repression Writer
H3K4mel enhancer Activation MLL/Trithorax
complex
H3K4m3 promoter Activation MLL/Trithorax
complex
H3K9me2 Large domains Repression G9a/G9al
H3K9me3 Lar.ge domains Repression Suv-39h
(e.g.:centromeres)
H3K27ac Enhancer and promoter Activation P300/CBP
H3K27me3 (Mostly) Promoter Repression Polycomb (EZH2)
H3K36me3 Gene body Activation SETD2




Table 1. Overview of well-studied histone modifications

At every cell division, chromatin undergoes major changes. During mitosis, most
transcription factors are though to be evicted from chromatin and the
transcriptional machinery is inactivated by a cell cycle dependent phosphorylation
cascade [22]. During mitosis, highly condensed metaphasic chromosomes replace
the interphase chromosome. Yet after each mitosis, cell identity must be retained.
Similarly, after replication, each newly synthesised DNA must recapitulate the
original pattern of histone modifications within reassembled chromatin. It was
recently proposed that repressive modifications but not activating ones are kept
throughout the different phases of the cell cycle [23].

Another level of epigenetic regulation is on the DNA itself. For example, methyl
cytosine (°™eC) is found in a wide range of organisms from yeasts to plants and
animals. Although, the Drosophila genome is devoid of °™¢C, in mammals, >™¢C is
essential for proper development [24], it is mostly restricted to CpG dinucleotide
and found within inaccessible regions of the genome [25]. It is thought to play an
active role in gene silencing [26]. DNA methylation is deposited by two
mechanisms, DNMT3A/B are responsible for the de novo deposition of °™eC [27]
while DNMT1 is required for the maintenance of DNA methylation [28]. After each
round of replication, DNMT1 methylates the new strand of DNA at hemi-methylated

CpG dinucleotide.
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Figure 4: Tet-mediated pathway of DNA demethylation from [29]

Removal of DNA methylation can also occur in different ways. The TET family of
dioxygenases can actively remove DNA methylation by altering °™¢C into 5"™C, 5'C,
5¢C which is then thought to be replaced by a cytosine via a base-excision-repair
mechanism (Fig I.2.reviewed in [29]). Another mechanism of DNA methylation
removal may be through a passive mechanism that prevents DNMT1 from
maintaining the original pattern of DNA methylation. DNA methylation patterns are
though to be very robust as they are even transmitted between generations for
example during imprinting [30]. Thus, DNA methylation plays a major role as a

driver of epigenetic memory in mammalian.

3 The pituitary, a model to study the establishment of cell

identity

The pituitary is a key organ responsible for the regulation of the endocrine system.
Despite its small size (less than 0.5g in human), this gland impacts many biological
processes such as organismal growth, reproduction, stress responses,
homeostasis. It was originally described by Gallen who thought its function was to
drain the phlegm secreted by the brain to the nose. It is only in the 20™ century
that its role as a regulator of endocrine function became apparent. The isolation of
the multiple pituitary hormones starting with Prolactin (PRL) by Riddle et al. in
1933, as well as Adrenocorticotropin (ACTH) and growth hormones (GH) by Li et
al. in 1943, gonadotropin (LH and FSH) by Segaloff and Steelman in 1959 and
thyrotropin (TSH) in 1970 by Liao and Pierce, finally let to elucidation of its
physiological function. Harrris in 1959 revealed the direct link between the pituitary
and the hypothalamus, thus establishing the field of neuroendocrinology that
studies the mechanisms of hypothalamic (brain) control of pituitary hormone
release. Recent advances in molecular biology led to the identification of cell-
specific mechanisms that regulate hormone gene expression at the transcriptional
level. Each endocrine lineage is responsible for a distinct physiological function,

as such each cell type has a distinct identity to express the proper hormone and
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the appropriate gene regulatory network to control production and release of

pituitary hormones.

Many transcription factors were found to drive pituitary cell identity (reviewed in
[31]; however, cell identity also depends on chromatin environment, which defines
the limits within which transcription factors can act. The small size of the pituitary
made it challenging to define cell-specific chromatin landscapes through genome
wide approaches. Thus, very little is known about chromatin environments in the
pituitary. Despite this technical limitation, the pituitary’s simple structure makes it
a useful model to study cell differentiation. This section summarizes the structure
and organogenesis of the pituitary and provides an overview of the different

hormone-expressing lineages and the regulators of lineage identity.

The pituitary is located in the sella turcica, a cavity of the sphenoid bone, below
the hypothalamus. Its role in the regulation of the endocrine system is mediated by
the expression of hormones secreted into the bloodstream. Its main functions are
to regulate organismal growth, lactation, reproduction, pigmentation, adrenal and
thyroid functions: as such it is often characterized as the “master” gland. The
discovery that pituitary function is regulated by neuronal signal opened a new field
in physiology, neuroendocrinology [32]. Indeed, the pituitary stalk harbors a
capillary network that provides direct communication between the hypothalamus
and the pituitary [33]. Hypothalamic hypophysiotropic hormones (aka releasing
factors/hormones) synthesized in specialized hypothalamic neurons are thus

released into these capillaries and directly reach their pituitary target cells.

3.1 Pituitary organogenesis

The pituitary is separated into three lobes, the anterior and intermediate lobes
which contain the hormone-expressing cells and the posterior lobe made up by the
axonal projections of the hypothalamic neurons (Figure 5). However, despite its
close proximity to the central nervous system, the glandular portion of the pituitary
does not derive from the neural ectoderm. Rather, it originates from an invagination

of the oral ectoderm [34] which become apparent at embryonic day 9 (€9) in mice.
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This invagination forms Rathke’s pouch named after Martin Rathke who described
this structure in 1838. The invagination results from a tight contact between oral
and neural ectoderms and the regions of contact becomes the intermediate lobe.
This is the reason why the posterior and intermediate lobes are sometimes referred
to as the neuro-intermediate pituitary. This contact between the developing
pituitary and the diencephalon is essential for proper pituitary morphogenesis as,
for example, human mutations in Sox3, a transcription factor that is only expressed
in the diencephalon have been associated with hypopituitarism [35]. The essential
role of the interaction between forming pituitary and neural tissue was also
exemplified by the in vitro self-formation of pituitary pouches by culture association
with neural cells [36]. At embryonic days e10.5, the forming pituitary quickly severs
its connection from the oral ectoderm through apoptosis of the intervening
epithelium. Pituitary cells rapidly proliferate in the developing fetal anterior lobe.
By e12.5, the three pituitary lobes are well defined. The anterior lobe undergoes
an important expansion that will continue after birth. Pituitary cell differentiation is
progressive and sequential between el2.5 and el6.5 when all hormone-
expressing cells are expressing their respective hormones [31, 37], and have thus

acquired their unique cell identity.
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Figure 5: Development and differentiation of the pituitary from [31]

3.2 Composition and differentiation of pituitary cells

3.2.1 The posterior lobe

The posterior lobe is mostly composed of axonal projection of hypothalamic
neurons. However, support cells (pituicytes) are also present. These neurones
release oxytocin and vasopressin into the pituitary capillary bed [38]. These
hormone can act on the pituitary as well as on peripheral organs; for example,
when oxytocin is released from the posterior lobe, it is involved in cervical dilatation
for parturition in women while in male it stimulates erection and participate in
ejaculation (reviewed in [39]). Vasopressin acts on corticotrope cells (that are

described below) of the pituitary increasing ACTH secretion [40].
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3.2.2 The intermediate lobe

The intermediate lobe or pars intermedia, as indicated by its name is located
between the posterior and anterior lobes of the pituitary. It is relatively
homogeneous, being mostly composed of melanotrope cells as well as some
Sox2-expressing stem cells at the lumen close to the anterior lobe. Melanotropes
are one of the two pituitary lineage that express the hormone precursor pro-
opiomelanocortin (POMC), the other being the corticotrope that is in the anterior
pituitary. In melanotropes, the protein convertase 1 (PC1) and 2 (PC2 encoded by
the Pcsk2 gene) cleaves POMC into a-MSH, B-endorphin and y-lipotropin. aMSH
stimulates melanocyte production and release of melanin that regulates
pigmentation. In some species such as Xenopus, this can serve a function of
adaptation to the environment by changing the skin color in response to the color
of their surrounding. In a dark background, the Xenopus intermediate lobe expands
to increase the expression and release of melanin to produce darker skin, thus

allowing frogs to mimic their environment [41, 42].

In humans, the pituitary develops during embryogenesis similarly as in mice
forming an intermediate lobe. The presence of an intermediate lobe in adult was a
subject of controversy. In the 30’s, it was described by Rasmussen that colloid-
filled cysts in the posterior lobe of the human pituitary are the remains of the human
pars intermedia but some have argued that an intermediate zone exists with
aMSH-producing cells [43], but this is no longer accepted. In human, pigmentation
is regulated locally in response to UV exposure and local production of aMSH. In
mice, melanotropes start expressing POMC at e15.5 about 12 hours after the Tbhox
transcription factor Tpit is expressed [44, 45]. This transcription factor is highly cell-
specific. Indeed, to this date, melanotropes and corticotropes (that are discussed
in the next section) are the only two lineages where it is expressed. Tpit regulates
POMC transcription in cooperation with the pituitary homeobox 1 (Pitx1)
transcription factor [44]. Tpit deficient mice fail to express POMC and to
differentiate melanotropes and corticotropes. Instead, a large part of the

intermediate lobe switches fate and become gonadotropes as well as a few
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clusters of thyrotropes [46]. Another part of the intermediate lobe remains in a
progenitor stem cell-like state as seen from the invasion Sox2-expressing cells that
are normally restrained to the Iluminal portion of the gland. In addition,
melanotropes cells are marked by the expression of the paired-box transcription
factor Pax7; Pax7 is expressed just before Tpit is turned on. Pax7-deficient
intermediate pituitary cells switch identity towards the corticotrope fate. Finally,
over-expression of Pax7 in AtT-20, a corticotrope derived cell line leads to a cell
fate change that is melanotrope-like. This happens through chromatin opening.
This allowing Tpit binding to newly accessible regulatory elements and activation
of melanotrope hallmark genes such as Pcsk2 [45].Thus, Pax7 acts as a pioneer

factor and is a master regulator of the melanotrope fate.

3.2.3 The anterior lobe

Like the intermediate lobe, the anterior lobe is a hormone-expressing structure that
derives from the oral ectoderm. It contains five hormone-expressing lineages, the
somatotropes, lactotropes, gonadotropes, thyrotropes and corticotropes. They
each express a different hormone that regulates a different endocrine system.
Hormone production and release are tightly regulated, by the central nervous
system through the hypothalamus and in feedback loops from the periphery.
Defects in the control or production of these hormones can arise from mutation in
the hormone-coding genes but also, and more frequently in genes encoding
regulators of the function and differentiation of these cells. Here, we will discuss
the functions of the different hormone expressing lineages of the anterior lobe as

well as the molecular mechanisms of their differentiation.

3.2.3.1 Corticotropes

The corticotropes represent about ten percent of anterior pituitary cells. With the
melanotropes, they are the other pituitary lineage that express the POMC gene as
well as the protein convertase PC1 and the transcription factor Tpit. However,
unlike melanotropes, they do not express the transcription factor Pax7 or the

protein convertase PC2. Consequently, they process the POMC into ACTH (not
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aMSH), pro-y-MSH and B-LPH. ACTH acts on the adrenals and mediates the
stress response by triggering the production of glucocorticoids. The hypothalamus
can stimulate POMC expression and ACTH secretion from corticotropes by the
release of corticotropin-releasing-hormone (CRH) and/or vasopressin [47]. These
are recognized by the corticotropin-releasing-hormone receptor 1 (Crhrl) and the
vasopressin receptor 1B (Avprlb), respectively. The transcription factor Nurr77
mediates Crhrl-induced signal and transcriptional action on POMC expression
[48]. Conversely, the glucocorticoid receptor (GR) binds glucocorticoids produced
by the adrenals and negatively regulates the expression POMC through direct
binding to the POMC promoter antagonising Nurr77 function [49]. In addition,
glucocorticoids also act on hypothalamic neurons to inhibit the secretion of CRH.
Defects in the expression or secretion of ACTH can lead to hypo- or

hypercortisolism, ie. insufficient or excess levels of circulating glucocorticoids.

Excess of ACTH can arise from pituitary adenomas such as those found in
Cushing disease patients. Those adenomas develop from corticotropes and
become resistant to glucocorticoid feedback leading to an increase of ACTH
secretion and circulating glucocorticoids. Conversely, two-thirds of isolated ACTH
deficiency case are caused by a mutation in the TPIT gene[50]. Indeed, Tpit being
required for expression of POMC, mutations that disrupt Tpit DNA binding or
function prevents Tpit-dependent expression of POMC. This genetic disease is
especially critical in newborns where it typically causes severe hypoglycemia and
death. When diagnosed, hormone replacement therapy is an effective and life long

treatment.

During development, corticotropes are the first pituitary cells to differentiate. At
el2.5, they express Tpit and quickly after, POMC is detected. Expression of POMC
also requires E-box transcription factors [51]; indeed, Neurodl, an E-box
transcription factor, is expressed in the anterior pituitary during embryonic
development and activates POMC transcription early on. At e14.5, in mice deficient
for Neurodl, corticotropes fail to activate POMC expression although Tpit is not

affected. However by el17.5, an unknown E-box factor provides redundancy and
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POMC is then expressed [52]. It was shown that the E-box factor Ascll/Mashl
also participates in POMC transcription and Ascll is expressed during pituitary
development [53].It is thus possible that Ascll is the redundant E-box factor

allowing the late POMC transcription in Neurod1-deficient mice.

3.2.3.2 Somatotropes

The somatotropes are the most abundant cells in adult male pituitary (50% of the
anterior lobe) and they are responsible for production of growth hormone (GH).
This hormone plays a role in overall organismal growth. It is recognized by the
growth hormone receptor in hepatocytes, where this triggers the secretion of
insulin-like growth factors (IGF-1.) It is positively regulated by Ghrelin and by the
growth hormone releasing hormone (GHRH), and negatively by somatostatin and
IGF-1 [54]. Over-production of GH in somatotrope cells can lead to gigantism
(acromegaly) while GH deficiency is associated with short stature (dwarfism). This
hormone deficiency is often associated with prolactin and TSH deficiency in a
syndrome of Combined Pituitary Hormone Deficiency (CPHD). Like lactotropes
and a population of thyrotropes (discussed below), somatotropes express the
transcription factor Pitl. During pituitary differentiation, Pitl is turned on at e13.5
in the medial region of the developing anterior lobe. Pitl activates the transcription
of the growth hormone and prolactin genes [55]. Consequently, mutations in PIT1
in mice, human and even in zebrafish lead to CPHD or combined hormone
deficiencies of GH, PRL and TSH [56-58]. As its names indicate, the transcription
factor Prophet-of-Pitl (Propl) is required for the expression of Pitl [59] and thus,
human mutation in PROP1 also leads to CPHD [60, 61]. Neurod4 is also
expressed and required for maturation and proliferation of somatotropes and its

expression depends on Propl [62].

3.2.3.3 Lactotropes

Lactotropes constitute 15-20 percent of the male anterior lobe. However in
lactating females, these cells proliferate intensively increasing their proportion in

the anterior lobe. They express the hormone prolactin, that is recognized by the
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prolactin receptor leading to the expansion of the mammary gland as well as milk
secretion. Prolactin expression and release is directed by the prolactin releasing
hormone recognized in lactotropes by the prolactin release hormone receptor [63]
and negatively regulated by dopamine released from the hypothalamus and
recognized by the dopamine D2 receptor (Drd2) [64]. Like somatotropes,
lactotrope differentiation and prolactin expression require Pitl [58]. Pitl and the
estrogen receptor (ERa) synergize on Prolactin enhancer sequences to stimulate
PRL gene transcription [65]. ERa gene inactivation leads to a decrease of Prl

expression [66].
3.2.3.4 Thyrotropes

Thyrotropes constitute the least abundant hormone-expressing pituitary cells
making up 1-5% of the anterior lobe. They express the thyroid-stimulating hormone
(TSH) that is composed of two sub-unit, the first one, TSHf is uniquely expressed
in this lineage while the second subunit, aGSU, is also part of the two gonadotrope
hormones. As its hame indicates, TSH regulates thyroid function leading to the
secretion of thyroxine and triiodothyronin. These two hormones negatively regulate
TSH expression while it is positively regulated by the tyrotropin-releasing hormone
(TRH) secreted from hypothalamic neurons. Thyroid hormones are involved in a

wide range of physiological processes such as metabolism and thermogenesis.

While thyrotrope differentiation requires Pitl as it is one of the lineages affected by
the loss of Pitl [58], a pool of thyrotrope cells seem to be independent of Pitl [67].
However, thyrotrope differentiation also depends on the transcription factor GATA-
2 which is also expressed in gonadotropes. Indeed, conditional deletion of GATA-
2 with an aGSU-cre transgenic mouse leads to reduction in the number of
thyrotrope and gonadotropes [68]. Interestingly, the thyrotropes are one of the two
lineages (with the gonadotropes) that are ectopically found in the intermediate lobe
of Tpit-deficient mice [44]. This suggests that the Pitl-independent TSH lineage

may be related to the gonadotropes and corticotropes differentiation path.
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3.2.3.5 Gonadotropes

Gonadotropes are the fifth endocrine lineage of anterior lobe cells; they represent
about 10% of the anterior lobe. They play a major role in the regulation of
reproductive function through the combined action of the two gonadotropins: LH
and FSH. Like TSH, these two hormones are also made from the combination of
two subunits: aGSU (which is shared with TSH) and LHp or FSHp as the second
subunit. Their synthesis is under control of gonadotropin releasing hormone
(GnRH) from the hypothalamus recognized by the gonadotropin releasing
hormone receptor (GnRHR). Each hormone plays a distinct role for control of the
reproductive system. LH stimulates steroid hormone synthesis in Leydig cells in
males and theca cells in females while FSH stimulates spermatogenesis in males
and follicle maturation in females. In response to circulating sex hormones, a
negative feedback loop decreases expression and secretion of LH and FSH in the
pituitary as well as GnRH in the hypothalamus. Insufficient expression of LH and
FSH will lead to reproductive defects such as hypogonadism and absence of

secondary sex characteristics [69].

At e16.5, gonadotropes are the last lineage of the anterior lobe to express their
hallmark hormones [37]. However, they may become specified towards
gonadotrope fate earlier by the expression the gonadotrope marker steroidogenic
factor 1 (SF-1, Nr5al) at e13.5 [70]. SF1 is an orphan nuclear receptor that is
required for the differentiation of gonadotropes. SF1-deficient gonadotropes fail to
express LH and FSH [71, 72]. Interestingly, this phenotype is rescued by
administration of GhnRH which allow expression of LH and FSH in absence of SF1
[73]. Also, as mentioned above, GATA2 contributes to gonadotrope differentiation
as the expression of LH and FSH is reduced in GATA2-deficient gonadotropes
[68]. Pitx1 also plays a role in defining the proportion of cells that differentiate
towards the gonadotrope fate as the number of gonadotropes is reduced in Pitx1-

deficient mice [74].
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Pioneer transcription factors have the unique and important role of
unmasking chromatin domains during development to allow the
implementation of new cellular programs. Compared to those of other
transcription factors, this activity implies that pioneer factors can recognize
their target DNA sequences in so-called compacted or “closed”
heterochromatin and can trigger remodeling of the adjoining chromatin
landscape to provide accessibility to non-pioneer transcription factors.
Recent studies identified several steps of pioneer action, namely rapid but
weak initial binding to heterochromatin, stabilization of binding followed by
chromatin opening and loss of CpG methylation that provides epigenetic
memory. Whereas CpG demethylation is dependent on replication,
chromatin opening is not. In this review, we highlight the unique properties
of this transcription factor class and the challenges of understanding their

mechanism of action.
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In the late nineteen seventies when chromatin structure was beginning to be
probed with tools such as DNase (hyper) sensitivity, the concept of pioneer factors
was suggested as factors that would have the capacity to bind specific DNA
sequences within compacted heterochromatin and initiate the opening of this
chromatin, such opening or remodeling being required for implementation of major
developmental fate decisions. At the same time, drosophila geneticists developed
the notion of selector genes for early developmental regulators that in some way
specify the outcome of future cell fates through their action on broad embryonic
domains (1). In this context, the notion of pioneer factors offered a possible
mechanism to achieve the purpose of selector genes but these ideas remained
more in the domain of evening conversations than experimental reality. For clarity,
it should be mentioned that in more recent years the term selector has been used
by some to identify factors that have the opposite effect in the differentiation
scheme compared to the original definition, namely factors that trigger the ultimate

step in cell fate decisions (e.g. (2)).

The idea of pioneer action was revived in the late nineties when the transcription
factor (TF) FoxA was shown to have the unique ability to bind its target sequence
within nucleosomal DNA (3). This unique ability contrasted with many other TFs
that will only bind efficiently naked or more readily accessible DNA as observed
within active regulatory sequences. However, pioneer factors do not have
completely unrestricted access to heterochromatin sites but do exhibit cell-specific
actions (4). In parallel, the old binary view of chromatin as either hetero- or
euchromatin changed dramatically as the enormous diversity of histone
modifications became known, eventually leading to the concept of a histone code
(5) that defines a continuum of chromatin flavors associated with regulatory and
structural functions. The complexity of this code and the limited tools available to
characterize chromatin limit our present ability to define the permissive or
restrictive chromatin states that are targeted by pioneer factors. Despite this
limitation, the basic features that define pioneer factors (Fig. 1) are the ability 1) to
bind specific DNA sequences within “closed” or unmarked chromatin where
genomic DNA is not readily accessible, 2) to initiate chromatin remodeling leading
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to DNA accessibility and consequently, 3) to allow binding of other transcription
factors, and finally 4) to establish stable changes in chromatin structure associated
with DNA accessibility and epigenetic stability. Collectively, these features imply
that the “act of pioneering” may be a one-shot affair, ie once enacted, its effect on
chromatin remains stable. Mechanisms for maintenance of chromatin state at
pioneered sites may also exist. This review will discuss the unique aspects of
pioneer action and attempt to separate these from the transcriptional actions of the
same factors since pioneers do act as transcriptional regulators like other TFs and
often at the pioneered as well as other target sites. The list of TFs that share at

least some features of pioneers is provided in Table 1.

Since the measure of chromatin features such as DNA accessibility and chromatin
marks are not just absent versus present but also present on a continuous scale,
the expectation of pioneer function must be more clearly defined. Indeed, DNA
accessibility [whether measured by DNase sensitivity(6), formaldehyde-assisted
isolation of regulatory elements (FAIRE(7)) or the ATAC procedure(8)] or histone
marks such as histone H3K4mel that marks active enhancer sequences (9) exhibit
greater values as the activity of enhancers or the number of bound TFs increases
(eg (10)): increments in these marks may reflect quantitative changes in enhancer
activity rather that the switch from “closed” naive chromatin to a state of
accessibility. The label pioneer should thus be reserved for factors and actions
shown to elicit chromatin opening from a state of complete absence of accessibility
marks to the presence of such marks. On the genome scale, it is thus very
important to separate the targets of pioneer action from those where the same
pioneer factors only exert classical transcriptional activity at already accessible
regulatory sequences: this requires an assessment of chromatin status before and
after pioneer factor action in an experimental system dependent on cells that have
never been exposed (in their developmental history) to the pioneer if epigenetic
memory is indeed a pioneer property. Failing that, a pioneer activity may be

inferred but formal demonstration requires the before and after comparison.

36



Pioneers set the stage: assisted-loading and settler factors
Pioneers appear to share the property of interacting with other TFs as do most
TFs: although very important from the biological perspective, this property is not a
defining feature of pioneers. For example, the pioneer FoxA interacts with nuclear
receptors such as glucocorticoid (GR), estrogen (ER) or androgen (AR) receptors
and this allows recruitment of these nuclear receptors at subsets of enhancers that
(11-14) that establish hormone-responsive gene regulatory networks (15). In this
context, FoxA pioneers the opening of subsets of enhancers targeted by the
hormone responsive receptors. This subsequent binding of nuclear receptors has
been labeled as “assisted loading” (16) and the factors that require the open
chromatin state were labeled as “settler factors” (17). The binding of a settler factor
may be essential in the biological context, but it does not constitute the core
pioneer activity that is restricted to initiation of chromatin opening. However for this
specific example, it appears that the interaction between FoxA and nuclear
receptor may be reciprocal as nuclear receptors can also recruit FOxA to specific
subsets of enhancers (18).
The pluripotency factors

The reprograming of diverse cells such as fibroblasts into induced pluripotent stem
cell (iPS) revealed the unique ability of a group of factors to reverse the
differentiation process (19) toward a pluripotent state. These pluripotency factors
(OSK for Oct4, Sox2 and KIf4) initiate the remodeling (opening) of both enhancers
and transcription start sites (TSS). This was revealed by deposition of H3K4me1/2
at targeted enhancers and of H3K4me 2/3 at TSS (20). The initial binding of these
factors occurs widely at unmarked (“closed”) chromatin to initiate their remodeling:
they thus act as pioneer factors (21). The initial binding of OSK factors is followed
by a lengthy period (weeks) of iPS cell selection that leads to the remodeling of
large chromatin domains of the epigenome from a somatic to pluripotent state.
Interestingly, it was also reported that some of the iPSC reprogrammed enhancers
require the expression and binding of more than one of the OSK factors. This
suggests that pioneers may also require a cooperative action in order to remodel

the epigenome (22). This process opens new sites for OSK binding together with
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sites for the accessory factor cMyc (21). There are broad domains where OSK
factors cannot bind early in reprograming but only in the iPSC state. These
domains have high levels of H3K9me3 and this may thus constitute a barrier that
contributes to refractoriness to OSK binding. Indeed, knockdown of the histone
methyl transferases SUV39H1/H2 that are responsible for H3K9me3 deposition
allows binding at previously inaccessible sites (20,21,23). The pluripotency factors
Oct4 and Sox2 have critical roles in normal development to activate the zygote
genome (24). In drosophila, the factor Zelda has a similar role for induction of the
zygote genome (25) and this is achieved through a pioneer mechanism of
chromatin opening (26).
Lineage-specifying pioneer factors

The first indication that FOXA factors have pioneer activity came from showing that
liver-specific FoxA binding sites are occupied in endoderm before liver-
specification (27). FoxA was then shown to bind nucleosomal DNA (28) and to
open compacted chromatin (29). Genome-wide studies then showed its chromatin
remodeling activity (4,30,31) as well as the associated nucleosome depletion (32).
In C. Elegans, the FoxA-related factor PHA-4 is also critical for foregut
development and this is achieved through pioneer action (33). Interestingly, the
pioneer action of PHA-4 is mostly exerted over promoter regions and this leads to
recruitment of RNA polymerase Il (34).This recruitment initially leads to a poised
state where RNA polymerase is paused on the promoter early on and transcription

only occurs later in foregut development.

GATAA4 is also present at liver-specific enhancers in early endoderm but its binding
appeared supported by FoxA and did not show as strong an ability to bind
nucleosomal DNA (29). GATA4 together with GATAG6 are required for early liver
development (35-37). Hence, GATA factors appear to have pioneer properties
although it may not be as effective as FoxA. Nonetheless, GATA4, like FoxA, can

induce trans-differentiation into hepatocytes (38,39).

Specification of the lymphoid, in particular macrophage, lineages is dependent on

the factors PU.1 and C/EBPa. PU.1 is critical for development of these lineages
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(40). It initiates chromatin remodeling and is associated with deposition of active
enhancer marks (41). Indeed, PU.1 increases chromatin accessibility and
promotes nucleosome depletion (42). C/EBPa can also trigger trans-differentiation
into that lineage and its binding to macrophage enhancers during that process is
associated with deposition of the active enhancer marks H3K4mel and H3K27ac.
Thus, C/EBPa and PU.1 independently act as pioneer for the other during
macrophage differentiation (43).

The pituitary intermediate lobe is specified to a unique developmental fate by the
pioneer factor Pax7 (44). This is achieved through binding and chromatin
remodeling of a subset of de novo active melanotrope specific enhancers. The
opening of these enhancers allows for recruitment of the differentiation
determination factor Tpit that achieves terminal differentiation of this lineage. Pax7
pioneering results in appearance of DNA accessibility together with deposition of

active enhancer histone marks (45).

Establishment of the B cell lineage requires the transcription factor EBF1 (46) and
this was associated with chromatin remodeling and increased enhancer H3K4me?2
(47). Some EBF1 pioneer actions were shown to depend on an EBF1 C-terminal
domain that is required to trigger DNA accessibility and deposition of active
chromatin marks at a specific subset of enhancers. Both C-terminus dependent
and independent pioneer sites were enriched for the same EBF1 motif suggesting
that the EBF1 DNA binding site is not the defining factor between dependence and
independence on the C-terminal domain. This supports a model where different
pioneer interacting proteins may define functionally distinct subsets of pioneered
enhancers (48).

Two neurogenic bHLH transcription factors shown to reprogram fibroblast to the
neuronal fate appear to have pioneer activity. Indeed, Ascll is the driver of
neuronal differentiation in association with Brn2 and Mytl1, and its recruitment
was associated with increased DNA accessibility (FAIRE) and with increased
active chromatin marks H3K4mel and H3K27ac together with decreases in the

repressive mark H3K9me3 (49). The neurogenic factor NeuroD1 was also shown
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to induce similar chromatin changes at enhancers and promoters during neuronal
reprograming (50).
Pioneer interactions with DNA and chromatin

The pioneer factor activity was inferred from in vitro and in vivo footprinting
experiments that showed FoxA and GATA sites co-occupancy prior to hepatic
specification (51). Flanking TF sites were only occupied once cells are specified
towards liver identity, suggesting that pioneer factors have the unique ability to
bind “closed” or naive chromatin (21,44). Despite many genome-wide studies, the
nature of this naive or closed chromatin remains vague and the ability of pioneers
to bind specific chromatin states is still defined by the negative, ie the absence of
recognizable chromatin marks, and in some cases, the presence of methylated
cytosines in DNA. Indeed as discussed below, some pioneers can bind methylated

target DNA while others appear to be methylation-sensitive.

Pioneer factors tend to have higher residency time or chromatin mobility than other
TFs (18,52) suggesting that stable chromatin-pioneer interactions may be critical
for pioneer function. These stable pioneer- chromatin interactions may be
explained by direct nucleosome binding, as shown for FoxA and the OSK
pluripotency factors (29,53). For FoxA, nucleosomal interaction may partly rely on
a FoxA domain that resembles a linker histone H1 structure (31,54). For the OSK
factors, their ability to target partial consensus motifs may allow their DNA-binding
domains to interact directly with nucleosomes (53).

In one instance, target DNA motif preference may play a role in binding stability:
indeed, the pioneer Pax7 preferentially recognizes a composite motif composed of
binding sites for its two DNA-binding domains, the homeo and paired domains,
leading to greater binding stability and possibly allowing for pioneer action (44).
Epigenetic remodeling by pioneer factors

Pioneer factors provide competency for gene expression but their binding to closed
chromatin is not in itself sufficient. Indeed, chromatin remodeling is required in
order to allow non-pioneer TF binding and transcriptional activation at newly

competent regulatory sequences, primarily enhancers. The remodeling or
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activation of regulatory sequences from a naive or “closed” chromatin state
appears to be a stepwise process (Fig. 2). None of the pioneers characterized so
far have unrestricted access to the genome in heterochromatin: this was shown
for FoxA, Pax7, and the pluripotency factors. This aspect is discussed in the next

section.

The first step in pioneer action is the initial binding (Fig. 2C) to permissive
heterochromatin (Fig. 2B) and it appears to be rapid (eg less than 30 min. for Pax7,
(45)). This is followed by a phase of binding stabilization (within 24h for Pax7) that
may or may not be paralleled by nucleosomal changes that increase accessibility
(31) and to appearance of low levels of the H3K4mel mark in the center of target
enhancers (Fig. 2D). These “Accessible” or “Primed” enhancers can undergo the
final step of enhancer activation that involves the binding of other non-pioneer TFs,
nucleosome depletion and deposition of the active enhancer mark H3K27ac that
is associated with the histone acetylase activity of the general coactivator p300
(Fig. 2E).

As most TFs, pioneers interact with chromatin remodeling proteins that are found
within large complexes. These complexes have been associated with the process
of transcription itself and/or its activation / initiation; the same complexes or
different ones may be critical for the initial act of pioneering as well as for continued
transcriptional action of pioneers. The challenge is thus to find experimental
systems to separate these two actions. For example, the BRG1 ATPase of the
SWI/SNF complex co-occupies many sites together with Oct4 in ES cells (55) and
knock-down of BRG1 affects ES cell pluripotency (56). Oct4 is required for
maintenance of open chromatin at enhancers in ES cells and its inactivation leads
to loss of accessibility at these enhancers (57). Oct4 pioneer function is thus
dependent on the chromatin remodeler Brgl. Similarly, the INO80 remodeling
complex co-occupies many sites in common with pluripotency factors and its
knock-down decreases chromatin accessibility at those sites (58), suggesting that

the complex may increase accessibility following recruitment by the pluripotency
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factors. Similarly, GATA3 was shown to require BRG1 for cell reprogramming

through pioneer action (59).

The Trithorax (drosophila) complex (COMPASS in yeast and MLL in mammals) is
involved in activation (opening) of chromatin structure (60). Pax7 was suggested
to recruit the MLL1/2 complex through interaction with its component protein
WDR5 (61) and FoxAl directs H3K4mel deposition through recruitment of MLL3
at enhancers (62). Indeed, this complex has H3K4mel methylation activity and
thus may lead to enhancer activation. It may also be implicated in pioneering as

its component protein Ash2l is recruited to sites of Pax7 pioneering (45).

For transcriptional activation, chromatin accessibility is increased at both
promoters and enhancers by recruitment of the variants histones H2A.Z and H3.3
that form unstable nucleosomes (63). FoxA factors (32,64,65) and CLOCK:BMAL1
(66) promote recruitment of H2A.Z. This likely contributes to nucleosome instability
and loss but it is not clear that this is critical for pioneer action per se. Indeed,
FoxA-dependent nucleosome instability is not correlated with H2A.Z deposition
and in this particular case, increased nucleosome accessibility may result from
displacement of the linker histone H1 (31). FoxA factors have the unique property

of containing a H1 mimic region that binds nucleosomes (28).

Barriers to pioneer binding and action
While pioneers have the unique ability to bind their target sequence within
nucleosomes in contrast to many TF that cannot, this does not mean that pioneers
can bind all their target sequences in the genome. Indeed, pioneers show different
binding repertoires in different cell types. For example, Sox2 binds different target
subsets in mouse cortex and spinal cord (67), indicating that there are additional
constraints on pioneer binding. Further, the pluripotency factors OSK have a large
subset of targets that only become accessible in the late phase of reprograming
towards iPS (21). The OSK binding sites within these latter binding regions initially
have higher levels of the repressive histone mark H3K9me3 and knock-down of
the histone modifying enzymes SUV39H1/H2, and SETDBL1 to a lesser extent, was
sufficient to allow early binding of Oct4 and Sox2 to these sites in fibroblasts. Thus,
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the mark H3K9me3 associated with constitutive heterochromatin can constitute a
barrier to OSK, and possibly other, pioneer binding. In addition, maintenance of
heterochromatin by the histone chaperone CAF-1 is important for stable somatic
cell identity as its knockdown accelerates cellular re-programming by pioneer
factors (68) Other pioneers such as Pax7 (AM, JD, unpubl.), FoxA and GATA (69)
also exhibit lineage-specific binding repertoires. It remains to be seen whether all
pioneers are subject to the same barriers or whether some may have unique

limitations, and hence different permissive chromatin environments.

Whereas DNA binding by some pioneers like Pax7 is insensitive to CpG
methylation within their DNA binding site (45), DNA methylation may be an
impediment to binding of TFs that have some properties of pioneers. Indeed, the
factor Nrfl, predicted on theoretical bases to have pioneer action (17), will trigger
chromatin access (DNase sensitivity) only if its DNA binding site is unmethylated
(70). The Nrfl DNA binding site is very GC-rich and contains two CpG moaotifs: its
DNA interaction may thus be more sensitive to methylation. Another factor with
methylation-insensitive DNA binding may thus be required to prime target
enhancers through DNA demethylation to allow Nrfl binding and action. There
may thus be a hierarchy of pioneers with differing potencies: “true” pioneers may
be considered to be those with methylation-insensitive DNA binding and an ability
to induce DNA demethylation but biological context may provide an argument to
consider factors such as Nrfl as pioneer. For example, global DNA de-methylation
occurs at two critical stages of mammalian development, in the pre-implantation
embryo and during primordial germ cell proliferation and migration (71,72). DNA
methylation-sensitive pioneers may thus act as classical TFs in most cells but
transiently behave as pioneers during development. Such limitation on pioneer
action could explain specific roles played by pioneers in distinct cell types. The
detailed assessment of the pioneer mode of action is thus critical to understand

their role in lineage specification.

Many pioneers exhibit extensive binding site subsets of low affinity that are

resistant to remodeling (45,53). Some of these sites appear to have degenerate
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DNA binding site sequences and were proposed to represent a mechanism for
scanning targets. Notwithstanding this possibility, this mechanism does not

provide an explanation for selection of specific pioneering sites.

Stability of pioneer-induced chromatin remodeling

During development, pioneers stably reprogram the chromatin landscape leading
to a stable cell identity. As such they would implement a memory for long term
maintenance of cell identity. During mitosis, chromatin is disassembled and
reconstituted after replication. There are mechanisms to reconstitute the daughter
cell chromatin landscape as in the mother cell (73). It was proposed that pioneers,
and possibly other TFs, bookmark the chromatin during mitosis to allow re-
establishment of active regulatory networks. Indeed while many TFs were shown
to be excluded from mitotic chromosomes (74,75), some pioneers appear to
remain bound to mitotic chromosomes; for example, GATAL binding is maintained
in mitotic chromosome at a tissue-specific subset of 5% of its chromatin targets
(76). Surprisingly this study also identified mitosis-specific binding of GATAL at
sites that do not contain the consensus GATA motif. Both specific and non-specific
binding sites on mitotic chromosomes were also observed for FoxAl (77) where
specific FoxA1l binding occurs at 15% of its interphase targets. Recently, Sox2 and
Oct4 were also shown to remain bound during mitosis (78,79). In this last study,
the authors also show using live imaging techniques that crosslinking with
formaldehyde leads to eviction of most TFs from mitotic chromosomes. They
proposed a model where most TFs remain bound during mitosis to maintain the

original program despite only showing this for the well-characterized pioneer Sox2.

The most stable epigenetic mark associated with inactive heterochromatin is DNA
methylation (80). And indeed, promoters and CpG-rich promoter regions (CpG
islands) that are transcriptionally active are largely demethylated and this is
required for activity. Similarly, active enhancer sequences are hypomethylated and
the patterns of enhancer hypomethylation are associated with cell-specific gene
expression programs (81). Following replication, hemi-methylated CpG

dinucleotides are recognized and methylated by the Dnmtl-UHRF1 complex
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(82,83). Maintenance of DNA methylation patterns by this mechanism thus
ensures stability of lineage-specific gene expression programs. As inactive
(closed) regions of chromatin that are targeted by pioneers have high DNA
methylation, it is expected that pioneers should bind their target sequence
independently of DNA methylation and this is indeed the case for FoxA and Pax7

although there may be exceptions as for Nrfl discussed above (70).

Whereas direct DNA binding by FoxA and Pax7 is not impaired by CpG
methylation of their binding site, their action leads to local demethylation of flanking
enhancer sequences behond the DNA binding site (45,69). This demethylation is
associated with epigenetic memory and maintenance of an open / accessible
chromatin environment (45).

A few pioneer factors were investigated for their impact on DNA methylation.
FoxAl can induce DNA demethylation (4) thus demonstrating its impact on the
DNA methylation landscape. Active DNA demethylation can be achieved by the
Tet enzymes (84) but for FoxA-dependent demethylation activity, it was rather
suggested to require recruitment of a FoxA1 DNA repair complex (85). Also, EBF1
and Pax7 pioneer actions lead to loss of DNA methylation (45,48). The mechanism
of pioneer-induced DNA demethylation remains uncertain as the known DNA
demethylation Tet pathway could not be implicated in either FoxA or EBF1 action
(48,85). It is noteworthy that FoxA-dependent chromatin remodeling can occur
independently of replication whereas DNA demethylation is impaired by blockade
of replication (69). These data clearly separate two steps in pioneer action and
these are consistent with the time frames of action defined in an inducible system
for Pax7 (45).

Pioneer factors in cancer

In view of their chromatin remodeling activities, pioneer TFs have the potential for
significant epigenetic alterations as seen in cancer. And indeed, FOX family genes
are involved in several cancers (reviewed in (86). Overexpression of Foxal is
associated with a poor prognosis in prostate cancer (87) while it is generally a good

prognosis of breast cancer (88). Point mutations of FOXA1 were also found in
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some prostate cancers and this was associated with decreased androgen
signaling and increased tumor growth (89).

In ER* breast cancer cells, ER binding requires FOXA1 at many binding sites
showing the role of FOXA1 in driving hormone response of these tumors (90).
Similarly, AR binding is also influenced by FOXA1; indeed some AR binding sites
are lost in cells depleted of FOXA1; however many sites are also gained
suggesting a more complex relationship of FOXA1 with AR than with ER (87,91).
Also, FOXM1 is amplified in some breast cancers (92), in non-Hodgkin’s
lymphomas (93) or in malignant peripheral nerve sheath tumors (94). FOXML1 is
activated through post-translational phosphorylation by ERK and FOXM1
activation is associated with a poor prognosis of many human cancers such as
lung, medulloblastoma, breast, gastric and pancreatic cancers.

Chromosomal translocations leading to fusion of the N-terminal DNA binding
domain of PAX3 or PAX7 with the C-terminal transactivation domain of
FOXO1(FKHR) were found in rhabdomyosarcomas. These fusion proteins act as
much more potent activators than the native PAX3 or PAX7 (95). PAX3-FOXO1
was shown to lead to activation of genes involved in cancer development and to
inappropriate expression of developmental TFs (96). PAX7 and FOXO1 both have
pioneer activity (44,97). As such, these fusion proteins may also function as
pioneers. Further, FOXO3 or FOXO4 are trans-located to the MLL gene in acute
lymphoblastic leukemia leading to increased cell proliferation (98). FOXO proteins
function as tumor suppressors (99) and their loss of activity due translocation or
deletion may also lead to increased tumorigenesis.

Finally, two studies showed that the tumor suppressor p53 (TP53) can engage
inaccessible chromatin. In one study, p53 binding led to deposition of H4K16ac
together with H3K27ac at non TSS sites. However, neither gain of chromatin
accessibility nor deposition of H3K4mel accompanied these changes, thus
possibly defining a unique chromatin environment specific to p53 (100). A recent
study showed that after DNA damage, a subset of p53 binding sites are associated
with de novo accessibility assessed by ATACseq possibly highlighting a canonical

pioneer action of p53 (101).
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Perspective

As exemplified in this review, the critical aspects of pioneer action are still the least
understood. First and foremost, the molecular basis for pioneer access to their
target DNA sequences in closed chromatin remains obscure. There may be more
than one underlying mechanism as the mechanism proposed for FOXA interaction
with nucleosomal DNA, namely its putative linker H1 mimicry binding interactions,
does not seem to apply to other pioneers. The question thus remains whole for
other pioneers and this highlights the fact that different pioneers may not only use
different mechanisms but also may differ in their accessibility to various “flavors”

of heterochromatin.

The initial binding and action of pioneers to closed chromatin regions and the
initiation of chromatin remodeling is the critical feature that distinguishes pioneers
from other TFs. Is there something unique about pioneer action on chromatin at
this initiating event? Or is the recruitment of chromatin remodeling complexes at
that initiating event the same as those that occur during activation of enhancer
function in transcription? This latter possibility would imply that the only unique
aspect of pioneer action is the ability to recognize target sites in “closed” chromatin.
Alternatively, this ability may be operating in conjunction with recruitment of a
unique set of chromatin remodelers involved in initiating chromatin opening but not
necessarily involved in maintenance of this accessible state. To answer these
difficult questions requires the availability of experimental systems where the
specific steps of pioneer action can be followed and investigated. Is there
something unique about the maintenance of chromatin accessibility at pioneer
sites, or does this simply result from recruitment of enhancer machinery
(combination of TFs, chromatin remodelers and chromatin modifiers) leading
ultimately to changes in the most stable epigenetic mark, demethylation of DNA

cytosines?

Addressing those questions is paramount to understand pioneer action and to use

this knowledge in the context of cell fate reprogramming that may occur during
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tumorigenic processes or for therapeutic development in the context of cell

therapies.
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Figures and table

Salient properties of pioneer factors

1. Binding of target DNA sequence in heterochromatin
2. Initiation of chromatin remodeling
3. Permissive for binding of other transcription factors

4. Implement epigenetic stability of the open chromatin state

Figure 1. Salient properties of pioneer factors.
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Figure 2. Current scheme of pioneer action. The permissive chromatin state for
pioneer action appears to be facultative heterochromatin. Following initial weak
binding of the pioneer, target site chromatin (mostly characterized at enhancers)
undergoes a first transition where a central nucleosome becomes more accessible
and this may (or not) overlap with a state of Primed enhancer characterized by a
weak H3K4mel signal. Complete activation of enhancers is characterized by
nucleosome depletion, bimodal distribution of H3K4mel and H3K27ac, together
with recruitment of the general coactivator p300 and other transcription factors.
Whereas the ability to bind methylated DNA target sites is not a unique feature of
all pioneers, for most pioneers current evidence correlates pioneer-dependent
chromatin remodeling with loss of CpG methylation at the newly accessible DNA /

enhancers.
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List of transcription factors that share at least some features of pioneers
For each feature listed at the top of the table are references within the table that provide supporting evidence.

Binding to Epigenetic memory: Cell fate Nucleasome Mitotic
Factor heterochromatin Chromatin activation DNA demethylation reprogramming binding bookmarking
Ascll/Mashl 102 102 102, 103
C/EBPa 43 104
Ebfl 47,48 47,48 48
Esrrb 105
Foxa 3 3,4,28,31,32 4,69,85 38,39 28 77
Gata 59 59 38,39 29 76
GR/AR 18 18
Klf4 21,22 21,22 106, 107 53
Neurod1 50,70
Nrfl 70 70 Inhibitory (70)
Oct4 21,22 21,22 106, 107 53
p53 100, 101 100, 101
Pax7 44,45 44, 45,61 45 44
PUL 41,42 41,42 104
Sox2 21,22 21,22 106, 107 53 78,79

Table 1. List of transcription factors that share at

least some features of

pioneers. For each feature listed at top, the Table indicates references that

provide supporting evidence.
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Abstract

The nine Pax transcription factors that constitute the mammalian family of paired
domain (PD) factors play key roles in many developmental processes. As DNA
binding transcription factors, they exhibit tremendous variability and complexity in
their DNA recognition patterns. This is ascribed to the presence of multiple DNA
binding structural domains, namely helix-turn-helix (HTH) domains. The PD
contains two HTH subdomains and four of the nine Pax factors have an additional
HTH domain, the homeodomain (HD). We now review these diverse DNA binding
modalities together with their properties as transcriptional activators and
repressors. The action of Pax factors on gene expression is also exerted through
recruitment of chromatin remodeling complexes that introduce either activating or
repressive chromatin marks. Interestingly, the recent demonstration that Pax7 has
pioneer activity, the unique property to “open” chromatin, further underlines the

mechanistic versatility and the developmental importance of these factors.

65


mailto:jacques.drouin@ircm.qc.ca

1. Introduction

Pax factors exert critical roles in early development as revealed by mouse and
human mutations (as discussed in other papers of this series). One unique aspect
of the structure of Pax factors is the presence of two DNA binding domains (DBD),
the paired (PD) and homeodomain (HD) in a subset of factors and their differential

use for target sequence/gene recognition (reviewed in [1]).

These dual modalities of DNA interactions provide versatility for Pax gene action
in the control of diverse developmental programs. Targeted mutagenesis
experiments of one or the other DBD have suggested that each DBD may be more
critical for specific developmental roles. This review paper will primarily focus on
the structure and function of Pax proteins as transcription factors (TF) and
particularly, on molecular mechanisms that may provide versatility and specificity
of action towards subsets of gene regulatory networks. Beyond the action of Pax
factors as classical DNA binding TFs, the recent demonstration that Pax7 can
function as a pioneer TF adds a new dimension to the action of these factors [2].
Pioneer factors can access their target sequence in compacted chromatin and lead
to chromatin “opening” [3,4]. The pioneer activity is particularly well suited for the
action of master regulatory genes because it can modify entire developmental

programs through remodeling of the chromatin landscape.

2. Multiple DNA binding modalities

The Pax family of TFs is quite conserved in evolution (reviewed in [1]) and the
hallmark of these DNA binding proteins is the presence of a PD DBD. This review
will focus on mouse and human genes that have been the subject of humerous
studies. In mammals, there are nine Pax genes (Fig. 1). These genes fall into four
subgroups depending on the presence or absence of two domains: these are in
addition to PD, a complete or truncated HD and an octapeptide (OP) motif in the
linker region between PD and HD. The OP is related to the engrailed-homology
motif that was associated with strong transcriptional repression activity [5]. Pax7 is

unique in the family for the presence of a C-terminal 14 amino acids sequence, the
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OAR (Otp/ aristaless/ Rax), that is found in over 30 paired-type HD proteins but is
still of poorly defined activity [6].

DNA binding by Pax factors can primarily involve either PD or HD but the simplistic
model of either DBD being responsible for protein:DNA interaction may not be
prevalent. Indeed, DNA binding activity is clearly dependent on interactions
between the two DBDs. In addition, the C-terminal region of some Pax proteins
interacts with the DBDs to influence DNA binding activity. In accordance with the
involvement of PD and/or HD in DNA binding, some target DNA sequences contain
either a core PD or a HD recognition motif; also, both motifs are often found in the
same target regulatory sequences [2,7-9]. Although the specificity of binding of
each Pax protein for individual DNA sequences is not well resolved, the available
data indicates that different Pax proteins have distinct binding specificity, in
particular when comparing the family subgroups. A large-scale analysis of DNA
binding properties for many over-expressed human TFs revealed the core PD and
HD motifs [10] but not the subtlety of factor-specific binding provided by ChiPseq

as discussed below.

The implication of various Pax protein domains in determining DNA binding
specificity, and ultimately activity, is further complicated by the existence of splicing
variant isoforms for many Pax proteins (variant list reviewed in reference [11]).
Some of these variants differ from the canonical form by only a few amino acids or
represent truncations: they have been associated with either varying strengths of

DNA binding or altered specificity/activity.
2.1 The PD domain and DNA recognition

The PD is a bipartite DNA binding structure composed of two helix-turn-helix
(HTH) motifs that resemble bacterial DNA binding proteins [7,12]. These two motifs
are separated by a flexible linker. The two DNA interacting subdomains of PD are
thus structurally related to the HD. Crystal structures of Drosophila Prd [13], PAX6
[14], and PAXS5 [15] together with nuclear magnetic resonance analysis of PAX8

[16] have supported the model of the third helix of these HTH motifs being
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implicated in sequence-specific interactions. In addition, the N-terminal HTH motif,
named PAI subdomain, is preceded by a 3-hairpin that acts as a clamp interacting
with the phosphate backbone and minor groove. The flexible linker between the N-
terminal (PAI) and C-terminal (RED) subdomains interacts with bases in the minor
groove. The N-terminal PAI subdomain, more specifically its 3" helix, fits directly
in the major groove [13] and recognizes the essential bases for PD binding
specificity, ie the core motif GTCACGC (Fig. 2). For some Pax proteins, DNA
interactions extend beyond this core motif, mostly in 37, to include sequences that
interact with the C-terminal RED subdomain. For example, the Pax6 RED
subdomain contacts sequences 6bp downstream of the divergent core TTCACGC
to interact with the sequence TG/TA/CN [7,13]. An elegant in vivo study of Pax6
point mutations affecting either PAI or RED domains showed that they each have
tissue-specific effects on development and gene expression [17]. Much remains to
be clarified about the extent to which each (or both) PD subdomain is implicated

in DNA interactions and at what subset of genomic targets.

It is noteworthy that splicing variants within the Pax3, Pax6 and Pax8 PDs were
shown to switch the binding modality from interactions involving both PD
subdomains to variants interacting primarily through the N-terminal PAIl subdomain
[18-22]. For Pax6, these splicing variants with altered DNA specificity were
associated with distinct roles in brain and retinal development [22,23]. For Pax3
and Pax7, alternate use of splicing acceptor sites leads to the inclusion of an
additional glutamine residue within the PD with significant effect (about 5-fold) on
DNA binding affinity toward the PD target sequence but not toward the HD target
sequence, thus enhancing discrimination between the two classes of DNA targets
[18,24].

On its own, the PD domain is thus a complex structure that has capability for many
different modalities of DNA interactions. This complexity is further enhanced for

the subgroups of Pax proteins that also include a separate HD domain.

68



2.2 The HD domain of Pax factors.

Four of nine Pax factors, namely the Pax4/Pax6 and Pax3/Pax7 pairs, contain a
separate DNA-binding HD (Fig. 1). The HD is also a DBD of the HTH class like the
PD subdomains. In addition, the subgroup of Pax2, Pax5 and Pax8 contain part of
a HD corresponding primarily to the first helix. In Pax5, this helix was shown to
interact with TBP and underphosphorylated Rb [25]; similar interactions were also
reported for Pax6 [26]. The paired-type HD is characterised by a serine residue at
position 50 of the 60-amino acids HD. This residue of the third helix is critical for
DNA sequence recognition and defines the paired subgroup within the large family
of HD factors [27]. The paired-type HD binds sequences related to the target
sequences of other HD factors, namely sequences containing the TAAT motif (Fig.
2).

The paired-type HD has the unique property of forming cooperative dimers that
bind to palindromic sites containing two TAAT motifs separated by 2 or 3 base
pairs (Fig. 2) [28,29]. While the HD target of Pax proteins may appear, in vitro at
least, to suffice for DNA interaction, in vivo assessment of Pax protein mutants
deleted of their HD has shown that some biological functions do not require the
HD: for example, a HD-deficient form of Pax6 is sufficient for pancreas

development in zebrafish but not for lens development [21].

The investigation of natural Pax target sites revealed a wide spectrum of sequence
arrangements that include combinations of PD and HD target sequences in various
topologies, including single sites, direct repeats, inverted or everted sites. A
sample of documented (i.e. investigated by either gel retardation assay and/or
mutagenesis) target sites/genes is presented in Figure 3 together with a systematic
nomenclature of target site topology. For each target site, the presence of PD
(GTCACGC) or HD (TAAT) target sequence is indicated by P or H, respectively,
followed (when needed) by a letter indicating the relation between two motifs (D
for direct or same orientation, | for inverted and E for everted orientations) and a
number indicating the number of intervening nucleotides. Thus, the e5 (also called

PRS-1) target sequence of the drosophila even skipped gene that was used for
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many DNA binding studies in the past is labelled PH.E5 because it includes HD
and PD target sequences in everted orientation relative to each other separated
by 5 bp (Fig. 3).

The advent of ChlPseq technology now offers the possibility of assessing genome-
wide occupancy of recognition motifs for the different Pax proteins. There are a
few reports of ChlPseq for Pax factors. Three groups did ChlPseq for the related
Pax3 and/or Pax7 and identified by de novo motif searches the PD binding motif
GTCACGGT at a subset of Pax3 and Pax7 peaks [2,9,30]; the analyses were
performed in rhabdomyosarcoma, myoblasts and pituitary cells. The myoblasts
and pituitary Pax7 ChlPseq (which have 20% peaks in common) also revealed the
presence of HD motifs (TAAT) at very high frequency. Interestingly, myoblasts
show the frequent occurrence of a HD palindrome separated by 2bp (H.12)
whereas the Pax7 pituitary sites mostly have isolated TAAT motifs rather than the

H.I12 palindrome (Fig. 4).

The parallel analyses of Pax3 and Pax7 recruitment in myoblasts [9] supported the
idea of extensive redundancy in the targets of these factors but also documented
specific binding sites for each factor; interestingly, the Pax7 ChlPseq revealed far
more sites than the Pax3 data. This was unexpected in view of their relative roles
in myoblasts and it highlights the importance of context for DNA binding. At this
point, the binding site analyses only showed slightly different target sequence bias,
with Pax3 showing preference for the PD motif whereas Pax7 appears to prefer
the H.I2 palindrome [9]. In contrast, the Pax7 peaks in pituitary cells (Fig. 4b) have
a much higher frequency of PD target sequences (44% versus 11%) and far less
of the HD palindrome H.I2 (2% versus 78%). These striking differences likely
reflect the importance of cellular context to influence recruitment at specific target
sites. This context may result from interactions with co-regulatory DNA binding
factors that are uniquely expressed in different cell types and/or with transcriptional
co-regulators (activators or repressors). The role of splicing variants in target site

selection also needs to be assessed at genome level.
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A unique feature of the pituitary cell study is the identification of the composite
Pax7 binding motif PH.EO ATTAGTCACGG (Fig.2 and 4) that is preferentially
associated with the pioneer action of Pax7 [2]. Similar sequence motifs are present
at well-characterised myogenic transcription targets of Pax3/7 such as at the Myf5
and Dmrt2 enhancers (Fig. 3) but their putative roles as pioneering sites has not
been investigated [31,32]. Interestingly, detailed analysis of Pax3 binding to a
target sequence in the Mitf promoter that includes PH.14, PH.D6 and PH.EO motifs
(Fig. 3) indicated that the PH.EO maotif is contributing the most to binding affinity by
Pax3 although the downstream TAAT motifs also contribute [8]; these studies were
conducted with truncated proteins and thus, the motif dependence for in vivo

binding of full-length Pax3 remains to be defined.

The analysis of Pax5 ChlPseq in proB and mature B cells identified a dominant
motif GTCACGC-TGG-TG [33] that corresponds to previous findings (Figs. 2-4),
and a similar conclusion was found for Pax8 in thyroid cells [34]. The Pax6
ChlIPseq also revealed a dominant and related PD motif, together with a subset of
HD motifs [35].

2.3 Complex interactions between PD and HD domains.

The Pax factors that contain both PD and HD (Pax3, Pax4, Pax6 and Pax7) exhibit
an intriguing interdependence between their DBDs for efficient DNA interactions.
Indeed, mutations in one DBD often affect DNA interactions by both DBDs; this
was first revealed through analyses of human mutations found in patients
harbouring PAX3 (Waardenburg syndrome) or PAX6 (aniridia) mutations. When
produced individually, both PD and HD bind their cognate sequence in vitro, and
their combination results in synergistic binding to either cognate sequence[7].
However, in vivo function appears to require that both domains be within the same

protein as trans complementation was not found to be as efficient [36,37].

Biochemical analysis of this interdependence was carried out in particular for Pax3:
in this case, the PD enhances binding by the HD and alters the sequence

requirements for this binding [38]. Thus, the PD and HD behave as a single DNA
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binding module in which the linker sequences are critical for proper synergism and
binding efficiency; this conclusion is well supported by numerous human PAX3
mutations that alter DNA binding properties [8,39—-41]. For example, mutations in
the PD of PAX3 from Waardenburg syndrome patients (such as G43A and P50L)
impair DNA binding to sequences that lack a HD recognition motif [42]. Also,
deletion of 6 amino acids in a highly conserved region of the PAI subdomain of the
PD (aa 29-34) completely abolish binding to either PD or HD target sequences
[42,43]. Similar conclusions were also reached for PAX6 [44,45]. The
interdependence between PD and HD was mostly studied in relation to binding of
cognate DNA sequences by either DBD. However, studies of natural targets for
Pax3 and Pax6 have also revealed a subset of targets that include composite
sequences containing both PD and HD motifs juxtaposed next to each other [7,36]
or separated by varying numbers of nucleotides as summarised in Fig. 2. The
modalities and structural constraints for recognition of such composite motifs

remain poorly analysed.

3. Transactivation domains and coactivators

In most Pax proteins, transactivation domains where identified in the C-terminal
part of the protein, i.e. downstream of the DBD [46-50]. However, these
transactivation domains were not mapped very precisely but a number of co-

activators recruited by Pax factors have been identified (Fig. 5).

The C-terminal domain of Pax2 was used as bait to identify a co-activator protein
that interacts with a variety of Pax factors [50]. This ubiguitous nuclear co-activator,
named Pax Transactivation-Domain Interacting Protein (PTIP), is a bridge for
recruitment of the MLL3/4 chromatin remodelling complexes that has H3K4
methyltransferase activity. Indeed, PTIP is required for Pax2-driven recruitment of
the MLL complex to specific DNA binding sites [51]. PTIP was also shown to
interact with Pax5 and both were found to co-localise in developing B-cells, for
example at an enhancer of immunoglobulin light-chain genes [52]. Also at Pax5-
dependent promoters and enhancers, PTIP recruitment is accompanied by

recruitment of Brgl, the ATPase of the SWI/SNF chromatin remodelling complex.
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It is also noteworthy that PTIP interacts with Pituitary Homeobox 2 (Pitx2) through
its HD and that this leads to recruitment of the MLL4 complex [53].

Pax3 and Pax7 appear to use different co-activator proteins to recruit the MLL
complex to target genes [54]. Two different co-activators interacting with the PD
were identified, CARM1 (PRMT4) and Pax3/7BP [55,56]. The Hippo pathway
effectors Taz and Yap65 act as Pax3 coactivators and neural crest inactivation of

their genes decreased expression of Pax3-dependent genes [57].

Also, the coactivator Tip60, a histone acetyltransferase, interacts with the Pax6 PD
and enhances Pax6-dependent transcription [58]. Finally, Pax8 interacts directly
with Rb in thyroid follicular cells for activation of the thyroperoxydase gene

promoter [59], Rb thus behaving as a co-activator of Pax8 activity.

4. Transcriptional repression by Pax factors and corepressors

Most Pax factors have one predominant feature for transcriptional repression, the
octapeptide (OP) present downstream of the PD, in the linker region between PD
and HD for the factors that contain both (Fig.1). This conserved OP contains the
motif also known as the engrailed-homology 1 (Eh1) motif that is a binding site [60]
for transcriptional repressors of the groucho (Grg) / transducin-like enhancer of
zest (Tle) family (Fig. 5). A similar motif (conveying transcriptional repression) is
found in many other structural families of TFs, including factors of the Thbox,

Forkhead and Homeodomain families [61].

The action of these co-repressors was investigated in greater detail for the
Pax2/5/8 subfamily that recruit the Groucho family corepressor Grg4 to exert
transcriptional repression [62]. Interestingly, Grg4 is present in a complex that
includes a phosphatase that can dephosphorylate the C-terminal activation
domain of Pax2 [63,64]. Grg4 thus primarily exerts its repressor activity by
antagonising the phosphorylated transactivation domain where phosphorylation
enhances interaction with the co-activator PTIP via its phosphoserine binding
BRCT domain [65]. In addition, the Grg4 complex contains an arginine

methyltransferase, PRMTS5, that dimethylates histone arginines, in particular H4R3
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that is associated with repressed epigenetic states [63,66]. Pax5-dependent
repression was also associated with recruitment of HDAC-containing NCorl

complexes [52].

In addition, repression domains were identified in the C-terminal domain of some
Pax factors, such as Pax4 [47]. Pax3 was found to recruit different proteins with
co-repressor activity (Fig. 5): HIRA that interacts with the Pax3 HD [67] and Daxx
that interacts with the HD and linker domains [68]. Also, the repressive activity of
Pax3 is enhanced by recruitment of KAP1 and HP1 [69] and this activity is reversed
by co-recruitment of HDAC10 at melanogenic target genes [70]; this reversal was

associated with deacetylation of Pax3 itself.

Pax7 is the only mammalian Pax protein that has a PHT/OAR domain at its C-
terminus; this domain does not in itself confer transcriptional repression but it
appears to contribute to transcriptional repression, possibly by masking the activity
of transactivation domains [6]. Similar OAR sequences are found toward the C-
terminus of about 35 paired-type HD proteins such as the Prx1/2 and Pitx1/2/3. It
is noteworthy that one Pax7 variant does not include this C-terminal region and
consequently, this variant protein would be subject to quite different regulation

compared to the major Pax7 isoforms.

5. Co-regulatory DNA binding transcription factors

Pax factor action was studied for many target genes and biological systems. These
studies identified recurrent partners for DNA binding of target regulatory
sequences. For example, Pax3 binds the c-RET promoter at a site that is adjacent
to a binding site for Sox10 suggesting that they may operate together towards
transcriptional regulation [71]. This idea is reinforced by the observation that the
same two factors, Pax3 and Sox10, also cooperate for regulation of MITF gene
expression in melanocytes [72—-74]. While a large number of PAX3 mutations
account for Waardenburg syndrome, it is noteworthy that this syndrome has also
been associated with mutations in SOX10 [75] and MITF [76].
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Another pair of Pax and Sox factors interact for transcriptional control of the &-
crystallin gene enhancer involved in lens-specific transcription, namely Pax6 and
Sox2 [77]. These factors bind cooperatively to adjacent binding sites [78] and this
results in synergetic activation of transcription. It would be interesting to determine
whether the Pax6/Sox2 interaction involves similar protein domains as the

interactions between Pax3 and Sox10.

Pax3 was also shown to elicit synergistic activation of transcription at the Myf5
epaxial somite enhancer through interactions with the Shh-dependent activator
Gli2 and with Zicl [79].

In the case of Pax5, protein/protein interactions with Ets-1 have been shown to
influence the DNA binding properties of Ets1 [15,80]. Ets1 also interacts with Pax3

to synergistically activate expression of the MET gene promoter [81].

6. Regulation of Pax factor activity

The first level of regulation of Pax factor activity is developmental, namely
production of different isoforms depending on tissue or time of development. Most
Pax factors are expressed as various isoforms that are set for a developmental
context, meaning for a defined tissue or period of development. The bulk of these
are produced by differential splicing and this developmental choice produces
proteins with different, and sometimes opposite, activities. For example, some
variants of Pax6 and Pax8 have altered DNA binding activity as a result of alternate
splicing events affecting their DBDs [20,22,37] whereas others have altered
transactivation potential and developmental activity because of the absence of
their C-terminal domain [21]. Pax3 is a good case in point because it has numerous
variants with altered properties, e.g. [18], that have either positive or negative
effects on proliferation or differentiation in specific Pax3-expressing tissues such
as melanocytes [82]. Interestingly, the Pax3 C-terminus contains lysine residues
that can be acetylated with differential effects on gene expression [83]; and the
deacetylases SIRT1 and HDAC10 may reverse these effects [70,83]. The

differential activities of Pax3 variants are mirrored by PAX3 mutations found in
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Waardenburg patients [18]. An extensive review of Pax factor variants is provided

in a Table of a recent review [11].

SUMOylation was shown to play critical roles for the activity of two Pax factors,
namely short splicing variants of Pax6 and Pax7. The p32 isoform of Pax6 is
deleted of its PD and thus can only bind DNA through its HD; interestingly,
SUMOylation of its K91 residue significantly increases DNA binding and
transcriptional activation [84]. Similarly, SUMOylation of K85 of Pax7 appears

critical for its activity in neural crest and in myogenic differentiation [85].

As for many other TFs, the activity of Pax factors is regulated by cytoplasmic
signalling pathways that exert their action through activation of kinases. The
transcriptional activity of many Pax factors is potentiated by phosphorylation, and
this most often involves the C-terminal transaction domain such as in Pax3 [86]
and Pax6 [87]. Studies of Pax2 regulation by phosphorylation of its transactivation
domain is particularly detailed as it was shown that this phosphorylation enhances
recruitment of the PTIP co-activator [65] which is itself required for recruitment of
the chromatin remodelling MLL3/4 complexes [63]. Further, this phosphorylation is
itself the target of regulation by the Grg4 complex that is recruited to the
octapeptide and includes the PPM1B phosphatase that dephosphorylates the C-
terminal transactivation domain and thus reverses interaction with the co-activator
PTIP [64].

7. Pax factors in chromatin remodelling

As for other TFs, the recruitment of co-activators and co-repressors contributes to
the recruitment of chromatin remodelling complexes (Fig. 5) in addition to direct
transcriptional regulation. These complexes either introduce permissive marks
onto chromatin that favor gene expression or they introduce negative marks that
impede chromatin access and transcription. The activating complexes are related
to the drosophila Trithorax (Trx) complex of proteins and in mammals, there are
four related complexes that take part in this process: they are the MLL (mixed-

lineage leukemia) 1-4 complexes and each MLL complex contains a set of
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common proteins, such as Wdr5, Rbbp5 and Ash2 [88]. The chromatin repressor
complexes are related to the drosophila Polycomb (Pc) complex and in mammals,
two complexes containing either the protein PRC1 or PRC2 fulfill complementary
roles, one as reader and the other as writer of repressive marks, respectively
[89,90].

7.1. Chromatin activation by Pax factors:

As discussed above, both Pax2 and Pax5 recruit the co-activator PTIP to their
transactivation domains. PTIP associates with the MLL3/4 complexes that include
H3K4 methyltransferases [51,91,92]. Thus, Pax2 binding leads to PTIP and
MLL3/4 recruitment and to increased levels of H3K4me3. This mark is associated
with activated promoters and is permissive for transcription. The importance of
PTIP in this paradigm was clearly established in PTIP-deficient cells where Pax2
target genes exhibit reduced levels of H3K4me1/2/3, AshL2 and Rbbp5 without
affecting Pax2 binding [51].

A similar paradigm was suggested for the action of Pax3 and Pax7 in muscle cells
where the MLL complex is recruited to muscle-specific genes at differentiation [93].
This recruitment can be exerted either through Pax7 or Pax3 [55,56]. Two different
co-activators may facilitate this recruitment. The co-activator PRMT4 (Carml)
methylates many arginine residues in the N-terminus of Pax7 and methylated Pax7
then recruits the MLL1/2 complex via interactions with Wdr5 [55] for induction of
the myogenic regulatory gene Myf5. Also, the protein Pax3/7BP is an adaptor for
Pax7 and Pax3 recruitment of H3K4 methyltransferases to these Pax factors [56].
Thus, recruitment of the MLL and histone methyltransferase complexes to target

promoters leads to enhanced H3K4me3 that promotes gene transcription.

Pax6 was suggested to recruit Brgl and Snf2h, components of the SWI/SNF and
ISWI ATP-dependent chromatin remodeling complexes, respectively. At the aA-
crystallin locus, this is associated with H3K9 acetylation and H3K4 trimethylation
[94].
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In B cells, Pax5 action leads to removal of repressive chromatin marks. Indeed
during early B-cell development, Pax5 is required for Vu-to-DJH recombination that
normally occurs in committed B cells. Non-committed B cells show high level of
H3K9 methylation at the Vu locus consistent with inactive chromatin, and Pax5 is
necessary and sufficient for removal of H3K9me3 at the Vx locus through a

replication-independent mechanism involving histone exchange [95].
7.2. Pax factors and repressive chromatin.

The epigenetic contribution to specific gene repression by Pax factors was
investigated in particular for the Pax2-dependent recruitment of Grg4 [63]. Grg4 is
within a protein complex that also includes the arginine methyltransferase Prmt5
that introduces symmetric dimethylation at H4R3 [66]. This dimethylated arginine
is associated with repressive chromatin and contributes to the recruitment of the
PRC2 repressor complex that includes the KMT6 (Ezh2) and Suz12 proteins; this
promotes trimethylation of H3K27, a mark of repressed or paused chromatin states
[96]. This is one mechanism used by Pax factors to exert gene-specific repression.
In addition, Prmt5-mediated methylation of H4R3 recruits Dnmt3a, a DNA cytosine
methylase that is linked to de novo methylation and gene silencing [66]. This
suggest that Pax factors may have a far more profound effect on the epigenome
than histone modification as de novo DNA methylation may have long term effects

on gene expression and cell fate.

It is interesting and intriguing that two different Pax factors (Pax3 and Pax9) have
been implicated in silencing of mouse heterochromatin [97]. This action is
presumably initiated through extensive binding of these factors to repeated satellite
DNA leading to recruitment of the heterochromatin proteins HP1 and Kapl
(Trim28). The recruitment of these proteins to heterochromatin is associated with
the presence of the repressive epigenetic marks H3K9me3 and H4K20me3 and
indeed, the abundance of both these marks at pericentric heterochromatin is
reduced in Pax3-deficient cells [97]. This heterochromatinization function of Pax
factors may represent a specialised function that is distinct from its gene-specific

actions but it may also draw on the activity of similar coregulatory protein partners.
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8. Pax factors as pioneers for chromatin remodelling

The biology associated with the developmental roles of many Pax factors is
suggestive of critical actions in early development. A prevalent mechanism for cell-
specific control of gene expression is the combinatorial use of a subset of TFs; this
model has been validated in numerous systems and cells and the combination of
factors required for identity of specific lineages often includes Pax factors.
However, major developmental decisions, or bottlenecks, involve significant
remodelling of the epigenetic landscape in order to radically change permissive
versus non-permissive chromatin environments. In the mid-seventies, this type of
function was ascribed to so-called selector genes that define early developmental
fields and determine the ultimate fates of lineages that will be specified later in
development [98]. At chromatin level, this idea was borne out in the form of so-
called “pioneer factors” that would have the ability to remodel (“‘open”) the
chromatin environment and thus unravel a whole new array of possibilities for gene
regulation through combinatorial use of TFs. The last five years have provided
some experimental demonstration of this pioneer activity and one remarkable
example is provided by the pluripotency factors, Sox2, Oct4 and Klf4, that can

reprogram differentiated cells into induced pluripotent stem (iPS) cells [4].

One Pax factor was shown to have pioneer activity: this is Pax7 that specifies the
intermediate pituitary identity and in so doing, selects the fate of cells that are
driven into terminal differentiation by the Thox factor Tpit [2]. In absence of Pax7
as occurs in the remaining of the pituitary gland, the so-called anterior lobe, Tpit-
driven differentiation yields the corticotrope fate. Whole-genome assessment of
epigenetic marks associated with active regulatory elements in a reconstituted
system showed that Pax7 has the ability to target a subset of =2500 putative
enhancers and trigger remodelling of their chromatin into a permissive state. These
pioneered target enhancers preferentially contain the Pax7 target sequence PH.EO
(Figs. 3, 4) that is an everted composite of paired and homeodomain recognition

motifs.
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This action unmasks Tpit binding sites that were previously inaccessible and leads
to Tpit-driven differentiation into the melanotrope fate. In this simple binary
alternate cell differentiation scheme, Pax7 is thus the pioneer that alters the
epigenome in order to change the differentiation potential of precursor cells. In
both lineages, terminal differentiation is specified by another factor, Tpit. At
enhancers targeted by Pax7 for determination of the melanotrope fate, Pax7
binding results in appearance of an active chromatin mark, H3K4mel, and
increases DNA accessibility as revealed by FAIREseq (formaldehyde-assisted

isolation of regulatory elements) [99,100].

Notwithstanding this pioneer action, Pax7 acts on a very large subset of enhancers
and promoters in the same cells to participate in the combinatorial control of cell-
specific transcription. At present, the similarities and differences in those two

actions of Pax7 (pioneer and classical TF actions) remain to be defined.

9. Conclusions and perspectives

Looking back on this review provides an interesting snapshot on the evolution of
research. While investigations of the biological roles of Pax factors progressed
steadily, mechanistic studies of Pax interactions with DNA and transcriptional
partners shifted more towards recently uncovered aspects of chromatin
remodeling. Notwithstanding this novelty, it is also clear that DNA interaction
studies were hampered by technical limitations. The tremendous power of
genome-wide techniques such as ChIPseq now opens the way to tackle the great
versatility of Pax factor interactions with diverse DNA target sequences and its
implications for regulation of gene networks. Taken together with the actions of
Pax factor as pioneers of chromatin remodeling and with genome-wide
assessment of human PAX gene mutations, these approaches will radically
deepen our understanding of the critical roles of Pax factors in development and

disease.
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Figures

OAR
Pax7 I 505 aa
Pax3 479 aa
Pax4 349 aa
Pax6 422 aa
Pax2 414 aa
Pax5 391 aa
Pax8 457 aa
Pax1 PAI RED I 446 aa
Pax9 PAI RED ' 342 aa

Figure 1. Structure of Pax transcription factors. Schematic drawings represent
the conserved features of the mouse Pax factors. These include the paired (PD)
DNA binding domain (blue) present in all Pax factors and subdivided into two helix-
turn-helix (HTH) motif (PAI and RED). The Pax family is classified in four groups
depending on the presence of other domains such as the homeodomain (HD,
yellow, complete in Pax3/7/4/6, partial in Pax2/5/8) and the octapeptide (OP, red,
absent in Pax4/6); this domain is homologous to the engrailed homology 1 (Enl)
domains that recruit co-repressors of the Groucho/Tle family. Pax7 is the only
member of the family that contains an OAR domain (green) that is also found in

many paired-type HD factors.
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Pax Domain Motif Consensus motif (PCR) Reference
2,5,8,4,3 | Isolated PD | P GTCACGC [7]
1 FL P GTTCCGC [101]
2 FL p ETEA%GC {—':T [102]
5 FL P GT%%CGC [12.49]
8 FL p GTEAC%C (7]
4 Isolated HD | H TAATT [103]
a Isolated PD | P SToAGC GTG [47]
6 FL P TTCACGC [102,104]
6 Isolated PD | P.I2 TTCACGCATGAGTGCC [102,104]
6-5a | Isolated PD | P.I6 CTCAGTGAATGTTCATTGAC [19]
6 Isolated HD i TMT%CGA"‘ [49]
H.12 TAATCGATTA
3 Isolated HD | H.12 TMT%GAWA
3 FL p gTCACGC [104]

Figure 2. DNA target sites of Pax factor binding. Pax factors are regrouped

according to their homology and the domain used in each DNA binding study is

indicated, FL full-length. Consensus binding sequences are shown together with a

systematic nomenclature where P refers to the paired consensus sequence

GTCACGC and H to the homeodomain consensus binding site TAAT. Complex

binding motifs are labelled with the letter symbol of the motif(s) present followed

by D for direct or same orientation repeats, | for inverted, E for everted repeats and

a number indicating the spacing between the repeats.
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Pax Motif Natural sites Reference
Bapx1 enhancer
1/3 d TCCAATCCAATCCAATCAAACGTAAAAT [10s)
2 Pax5 enhancer (106)
P GCTACCTAATTTCATGCATCAGAG
Engrailed-2 enhancer
2 p BS-| GGCACGG [107]
P.DO BS-ll GTCAAGGCTCAGTG
CD19 promoter
S P GCGGTGGTCACGCCTCAGGCCCCA (108]
Tg promoter
8 g CACTGCCCAGTCAAGTGTTCTTGA 1)
Glucagon promoter
4 P.l-2 TTCACGCCTGAC [110]
Rat insulin |, C2 element
6 P.R0 AAATGAGGTGGAAAATGCTCAGCC [111]
Glucagon, G3 element
6 e TTCACGCCTGACTGAG [111)
PH.EO Mitf promoter (8]
(PH.14, PH.DB) | TTTAGTTCCAGTAGTATTAAT
Trp-1 promoter
J GTCACACTT [B]
Myf5 enhancer
3 PH.EO GCATGACTAAT [3 1]
Dmrt2 enhancer, site 2
e TGTGTGACTAAT [32]
Evenskipped
KT ATTAGCACCGTTCCGC [42]
Pcsk2 (pioneer enhancer site)
& s GCGTGACTAAT [2]

Figure 3. Gene targets of Pax factor action. A selection of natural binding sites
is shown for the indicated Pax factors. Bold characters indicate the position of
consensus P or H sequences and motifs are labelled with the same nomenclature

as in Figure 2.
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A) Motif analysis
Pax factor PD motifs HD motifs Other motif References

Pax7 ‘lﬂ?cz *WT, ’:%Teecwﬂ? 2)

Pax6 ’:ITICQ C,Je 16, ':,;W 35)

Pax5 " :CA¢C.T. T 32)

l

B) Comparison of Pax7 motif frequencies in myoblasts and pituitary cells

Frequency (% of 500 best peaks)

motifs myoblasts pituitary cells
i
TAA' g H 93 60
? TA H.1-2 49 14

.TTT AUA H.12 78 2

‘.%Toécxﬂ_f PH.EO (pioneer) 9 18

e

Figure 4. ChlPseq analyses of Pax genomic binding sites. (A) The results of
de novo motif analyses performed on ChlPseq datasets are shown. (B)
Comparison of motif frequencies present under Pax7 peaks in ChIPseq data from
myoblasts [9] and pituitary [2] cells. Motif occurrence was determined for the 500

stronger peaks of each dataset using the HOMER program.
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fa’::at:r HD | OP Co-Activator Co-Repressor Chromatin remodeling
Grg4 [63,64) MIi3/4 [51)
202 PTIP (50,51 PPM1B [64] Prmts [63]
PTIP [52) Grgd [62]
s |12 + Daxx [112] NCor1 [52] By B2l
CBP [112) Daxx [112]
8 |12 + Rb [59)
Pax3/78P [56) HIRA [67]
3 |+ | + | TazTapes[s7] Daxx [68] 221"[?77]1
HDAC10 [70] KAP1, HP1 [69]
= I Pax3/78P [56] H3K4/HMT [56)
Carm1 (Prmtd) [55] MII1/2:WdrS 54,55
a4 + -
= Brgl [94]
oS $ipsa 18, Snf2h [94)

Figure 5. Co-regulator proteins interacting with Pax factors. The co-activators,
co-repressor and chromatin remodeling complexes that are recruited directly or

indirectly to Pax factors are shown together with references to the relevant work.
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ABSTRACT

Pioneer transcription factors establish new cell fate competences by triggering chromatin
remodeling. However, many features of pioneer action such as their kinetics and stability
remain poorly defined. Here, we show that Pax7 is necessary and sufficient for
specification of one pituitary lineage by opening a unique enhancer repertoire. Pax7 binds
its targeted enhancers rapidly but chromatin remodeling and gene activation are slower.
Enhancers opened by Pax7 show loss of DNA methylation and acquire stable epigenetic
memory revealed by binding of non-pioneer factors after Pax7 withdrawal. The present
work shows that transient Pax7 expression is sufficient for stable specification of cell
identity.

Keywords: transcription, chromatin, DNA methylation, differentiation, pituitary, POMC
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INTRODUCTION

Cell specification and differentiation occur throughout development of multicellular
organisms leading, in complex life forms, to a huge diversity of cells. The differentiation of
cells into different lineages is implemented by a unique combination of transcription factors
(TF) that collectively control the program of cell-specific gene expression. During
development, progenitors are specified by the action of selector genes that establish the
differentiation competence of downstream lineages. Pioneer factors are a class of TFs
that fulfil this expectation as they have the unique ability to bind condensed, otherwise
inaccessible, chromatin and to open this chromatin for access by other TFs. The three
pluripotency factors, Oct4, KIf4 and Sox2, have pioneer activity on a global scale by widely
affecting the epigenome beyond their initial binding sites*. In addition, a handful of TFs
were shown to have more localized pioneer activity. The ability of FoxA to specify liver
fate relies on its property to alter chromatin organization upon binding nucleosomal target
DNA sequences®. We showed that the factor Pax7 specifies intermediate pituitary
melanotrope cell identity through a pioneer activity’. The pioneer TFs C/EBPa was
implicated in macrophage differentiation* and EBF1 in B cell development®. Recently, two
neurogenic bHLH TFs, NeuroD1 and MASH1 (Ascll), were also suggested to have
pioneer activity during neural development®”’.

Here, we used the Pax7 pituitary model to define the mechanism and stability of cell
specification through pioneer action. The pituitary has two lineages that use the same
hormone precursor, pro-opiomelanocortin (POMC), for entirely different biological
functions. Indeed, POMC-expressing corticotropes produce ACTH that controls adrenal
glucocorticoid synthesis whereas melanotropes process POMC into aMSH that regulates
pigmentation (Fig. 1a). Transcriptional regulation of the POMC gene is unique to each
lineage but the same highly cell-restricted factor Tpit drives terminal differentiation of both
lineages®®. Pax7 acts before Tpit in intermediate lobe progenitors to implement a unique
tissue identity upon which Tpit-driven differentiation establishes the melanotrope identity?3.
We characterized the actions of Pax7 within the framework of the critical properties of
pioneer TFs. These include the ability to: 1) bind DNA target sites in heterochromatin; 2)
initiate remodeling of the surrounding chromatin; 3) facilitate binding of other TFs; 4)
trigger stable changes in chromatin accessibility, thus ensuring epigenetic stability, ie long-
term access by non-pioneer factors.

We now show that the bulk of differentially accessible chromatin regions between the two

alternate POMC cell fates are at putative enhancers. Pax7 binding is rapid at uniquely
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marked heterochromatin pioneer sites and initiates a slower process of chromatin opening
that ultimately provides access to both developmental and signal-dependent TFs. Finally,
Pax7 pioneer action is stable and ensures epigenetic memory even after Pax7 withdrawal.
This long-term stability is supported by loss of DNA hypermethylation at pioneered
enhancers. In summary, the present work defines the critical features of Pax7 pioneer

action on tissue-specific progenitors for establishment and maintenance of cell identity.

RESULTS

Lineage-specific chromatin accessibility at distal, but not promoter,
elements

In order to address the relative importance of cell-specific chromatin accessibility in
establishment of differentiation-specific programs of gene expression, we subjected
FACS-purified pituitary corticotropes and melanotropes from POMC-EGFP transgenic
micel®!! (Fig. 1la) to RNAseq and ATACseq analyses (Supplementary Fig. la-d).
Differential expression analysis of the transcriptomes showed 504 differentially expressed
genes (FDR<0.05) with similar transcript proportions enriched in each lineage, 243
cortico-specific and 261 melanotrope-specific genes. The most significantly melanotrope
gene (Fig. 1b) is Pcsk2 (19" most abundant, Supplementary Fig. 2a, b) that encodes the
protein convertase PC2 responsible for cleavage of ACTH into aMSH, the hallmark
hormone produced by melanotropes. ATACseq data were analysed to identify
differentially accessible regions (DARS) in each lineage using a high stringency filter to
exclude cell contamination issues (P value<le?°). In contrast to the general distribution of
ATACseq peaks present at both promoters and enhancers (Fig. 1c), DARs are found at
distal elements (Fig. 1d). Interestingly, the DAR repertoire is much richer in melanotropes
compared to corticotropes with 2891 and 558 DARs, respectively (Fig. 1d). Further,
melanotrope and corticotrope DARSs tend to be spatially associated with melanotrope and
corticotrope genes, respectively (Fig. le and Supplementary Fig. 2c). Both DAR
repertoires are evolutionarily conserved and melanotrope DARs are the most conserved
suggesting that they may be subjected to more evolutionary pressure (Supplementary Fig.
2d). The vast majority of lineage-specific genes show accessibility at the transcription start
site (+/-200bp) in both lineages in contrast to DARs (Fig. 1f). Only 8 promoters of
corticotrope-specific genes are only ATAC-sensitive (p<0.05) in corticotropes whereas 13

melanotrope-specific promoters are only accessible in melanotropes. The

103



presence/absence of accessibility at promoters is thus a poor predictor of cell identity. The
Pcsk2 locus illustrates well how melanotrope DARs may control expression of cell specific
transcripts. Despite the high melanotrope specificity of the Pcsk2 gene, its promoter also
shows accessibility in corticotrope cells (Fig. 1g). Many melanotrope-specific DARs are
present at this locus, both intronic and intergenic, including the known -146Kb Pcsk2
enhancer®. Other examples of melano- and cortico-specific loci support these conclusions
(Supplementary Fig. 2e-h). Together, these findings indicate that the main differences in
chromatin accessibility between these two lineages are at known and putative enhancers.

Pax7 is required for deployment of the melanotrope enhancer repertoire

To identify factors responsible for establishment of cell-specific DARs, we searched for
enriched DNA motifs in each DAR repertoire (Supplementary Fig. 3a, b). The corticotrope
DARs are enriched for motifs of the glucocorticoid receptor (GR), Pitx and Tpit. GR is not
expressed in melanotropes, hence the high frequency of its motif in corticotrope DARS is
consistent. The melanotrope repertoire is enriched for the Pax7 motifs: paired box,
homeobox, as well as a composite motif containing both (Fig. 2a and Supplementary Fig.
3a, b) in agreement with the restricted expression of Pax7 in melanotropes®. To confirm
the involvement of cognate factors in targeting DARs, we showed enrichment of GR
binding to corticotrope DARs by ChiIPseq (Fig. 2b) and similarly, Pax7 binding is enriched
at the melanotrope DARs in Pax7-expressing AtT-20 cells (Fig. 2c). Using microarray
data®, we assessed the extent of the switch in identity of melanotrope cells in Pax7” mice
(Fig. 2d). Remarkably, 69% of melano-specific transcripts (181 of 261) are down-regulated
in absence of Pax7 while 64% of cortico-specific transcripts are up-regulated, 160 out of
249 (Supplementary Fig. 3c). To better define the relative roles of Pax7 and Tpit in
melanotrope identity, we assessed gene expression in Tpit” mice. Most Pax7-dependent
melanotrope genes are also Tpit-dependent (87%, or 157 of 181 genes) whereas only
37% of corticotrope genes up-regulated in Pax7” pituitaries are also up-regulated in Tpit
" mice (Fig. 2e). Thus, Pax7 and Tpit targets overlap extensively for activation of the
melanotrope program.

It is noteworthy that corticotrope-specific gene loci exhibit very few DARs (Supplementary
Fig. 2g showing GR and CRHR loci) in contrast to melano-specific genes that have
multiple melano-specific DARs (Supplementary Fig. 2e for Drd2 and Gpr6 loci). This would
be consistent with the corticotrope fate representing the default pathway of pituitary

differentiation as previously suggested by the Pitx1/2 and Lhx3/4 double knockout
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mice'?® and the Pax7-driven melanotrope fate constituting an epigenetic re-
programming of the default state.

In order to assess the dependence on Pax7 for opening melanotrope-specific enhancers,
we performed ATACseq on Pax7” intermediate lobes. Thus, ATACseq peaks present at
enhancers of the Pcsk2, Drd2 and Kif21b loci in melanotropes, but not in corticotropes,
are lost in Pax7”" mice (Fig. 2f), indicating that chromatin opening at these enhancers

requires Pax7 in vivo.

Pax7 is sufficient for deployment of the melanotrope enhancer repertoire

We previously showed that Pax7 opens enhancers® and ATACseq confirmed that Pax7 is
sufficient to open the in vivo Pax7-dependent melanotrope enhancers (Fig. 2f). To broadly
define the action of Pax7, we assessed the chromatin status at Pax7 binding sites in AtT-
20 cells before and after Pax7 expression. We used the enhancer mark H3K4mel to
identify putative enhancers and we scored for presence of the coactivator p300 to further
separate the subset of transcriptionally active enhancers!*. The detailed analysis of
chromatin changes at all Pax7 peaks is described in Supplementary Figure 4a and Online
Methods. We took the Pax7-dependent gain of H3K4mel at previously unmarked sites to
define the subset of newly pioneered enhancers (Fig. 3a, b). These targets were
subdivided into two subsets. A first subset of 2313 Pioneer Activated targets acquire the
chromatin marks H3K4mel, p300, H3K27ac and ATACseq sensitivity after strong Pax7
binding (Supplementary Fig. 4b). This is associated with de novo nucleosomal depletion
as revealed by ChlPseq for histone H3 (Fig. 3a) at sites that were DNase-resistant before
Pax7 action (Supplementary Fig. 4c). A second subset of 8016 Pioneer Primed enhancers
acquire H3K4mel but not p300 or H3K27ac after Pax7 binding (Fig. 3b): these have a
single weaker peak of H3K4mel compared to the bimodal distribution of H3K4mel at
Pioneer Activated enhancers (Fig. 3a, b and Supplementary Fig. 4d). The subset of 2171
enhancers activated by Pax7 to acquire p300 show a switch from a single weaker peak to
a bimodal distribution of H3K4me1l; this is associated with appearance of H3K27ac and
nucleosomal depletion (Fig. 3c and Supplementary Fig. 4d) consistent with the status of
16113 Constitutively Active enhancers (Fig. 3d).

To test whether the pioneering action of Pax7 increases accessibility to other TFs, we
assessed recruitment of the critical developmental regulator of corticotrope and
melanotrope differentiation, the Thox factor Tpit, together with recruitment of the signal-

dependent factor STATS that is activated in response to LIF treatment®®. A large number
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of Pioneer Activated sites (Fig. 3a) recruit Tpit and STAT3 after Pax7 opening but not
before (Fig. 3e and Supplementary Fig. 4e). This occurs on a much smaller proportion for
the Pioneer Primed subset (Fig. 3f). In contrast, the Pax7-activated (Fig. 3c) and
Constitutively Active enhancers (Fig. 3d) are bound by STAT3 and/or Tpit before/after
Pax7 binding (Fig. 3g, h). Similar data were obtained for GR (Supplementary Fig. 4f).
Interestingly, the Pioneer Activated enhancers (Fig. 3a) largely correspond to
melanotrope-specific DARs defined by ATACseq in normal pituitary cells (Fig. 3i). The
Pax7 Primed (Fig. 3b) and Pax7 Activated (Fig. 3c) enhancers show slightly greater
ATACseq signals in melanotropes compared to corticotropes (Fig. 3j, k). Thus, the Pax7-
pioneered enhancers defined in AtT-20 cells match quite well the putative enhancers
(DARSs) defined by ATACseq in normal pituitary cells. To validate the status of Pax7-
pioneered enhancers in normal pituitary cells, we showed H3K4mel at the Pcsk2 and
Kif21lb enhancers (depicted in Fig. 2f) in intermediate but not anterior pituitary cells
(Supplementary Fig. 4g, h).

Histone H3K4 methylation is associated with recruitment of the MLL complexes that
include the Ash2l histone methyl transferase'® and Pax7 was shown to interact with this
complex!’. To assess involvement of the MLL complex in Pax7-dependent chromatin
remodeling, we performed ChlPseq for Ash2l. Ash2l is not present at pioneer target sites
in AtT-20 cells and is recruited following Pax7 binding to both fully activated and primed
(weaker) enhancers (Fig. 3q). Thus, Pax7 may remodel chromatin through recruitment of
the MLL complex.

We then performed RNAseq before/after Pax7 to relate chromatin changes with gene
expression. We identified 304 Pax7-repressed and 298 Pax7-induced genes (P
value<0.05) (Fig. 3m). Promoters of both Pax7-induced and repressed genes are in
similarly active state before/after Pax7 action (Fig. 3n). Pioneer Activated targets are more
spatially associated with Pax7-induced than repressed genes (Fig. 30) and they show
higher sequence conservation than other targets (Fig. 3p). Collectively, the data suggest
at least two steps of pioneer action with sets of enhancers that are either primed or
become fully active after Pax7 pioneering; this latter subset matches the melanotrope-
specific DAR candidate enhancers (Fig. 1d-f) and they are associated with activation of

expression.
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A unique chromatin environment for pioneering

In order to define the chromatin state that is permissive (or not) for Pax7 pioneer action,
we identified a subset of Pax7 binding sites that are Resistant to Pax7 remodeling
(Supplementary Fig. 4a). This Resistant subset exhibits weaker Pax7 binding compared
to Pioneered and Constitutive enhancers (Fig. 4a). To address the contribution of binding
site sequence to Pax7 binding and action, we assessed enriched motifs at these subsets.
The Pax7 motifs are enriched at these three subsets (Supplementary Fig. 5). In addition,
we found a strong enrichment of CTCF sequences at Resistant sites (Fig. 4b, ¢ and
Supplementary Fig. 5). We performed CTCF ChlPseq in AtT-20 cells and found that CTCF
binds ~30% of the Resistant loci (Fig. 4d). These could be border elements (Insulators)
and cohesin (SMC1) ChlIPseq confirmed this'®. We assessed the repressive histone
marks H3K9me3 present in definitive heterochromatin together with H3K9me2 and
K3K27me3 of facultative heterochromatin (Fig. 4d,e) in order to characterize the remaining
Resistant sites. These marks were validated by comparison of TSS chromatin at
expressed and non-expressed genes and by cross-correlation analyses (Supplementary
Fig. 6). While the Constitutive enhancers and Insulator subsets have the lowest H3K9me3
levels, the CTCF-devoid Resistant subset exhibits the highest levels of H3K9me3 while
the pioneered enhancers exhibit intermediate H3K9me3 levels (Fig. 4e). The overlap in
H3K9me3 levels across these subsets suggests that, on its own, this mark may not be
sufficient to explain pioneering ability or resistance. However, H3K9me2 levels are high
and the same at pioneered and Resistant sites, and they show a strong depletion after
Pax7 action at pioneered sites (Fig. 4€). In summary, the subset permissive for pioneering
(intermediate H3K9me3 and high H3K9me2) appears to be facultative heterochromatin in
contrast to both Insulator elements and definitive heterochromatin (high H3K9me2 and

me3) that are resistant to Pax7 action.

Pax7 binds quickly but acts slowly at pioneering targets

In order to determine the relative timing of Pax7 binding to its pioneering sites relative to
chromatin remodeling and gene activation, we engineered a Tamoxifen(Tam)-inducible
Pax7 chimera (ER-Pax7, Fig. 5a and Supplementary Fig. 7a). The inducible ER-Pax7
targets a subset of pioneer (n=213) and constitutive (n=8399) Pax7 sites defined in stable
Pax7-expressing cells and these subsets were used for analyses. ER-Pax7 cells do not
show Pax7 DNA binding in absence of Tam (Fig. 5b, ¢). After Tam treatment for 30 or 60

minutes, ER-Pax7 binding is detected at both active enhancers (Fig. 5b) and pioneer
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targets (Fig. 5¢). At active enhancers, the binding is similarly high at 30 minutes and
throughout the next 3 days (Fig. 5b). However at pioneer targets, Pax7 binding is weak at
30/60 minutes and is stable after 24h (Fig. 5c, d). Interestingly, the Resistant sites show
similar binding compared to Pioneered sites at 30 min. but no change at 3 days (Fig. 5d).
Chromatin accessibility was assessed at pioneered and constitutive enhancers by
ATACseq and found to be similar after long term (>20 days) with Tam (Fig. 5e). Pioneered
sites do not show significant ATACseq signal at 30 min. compared to untreated cells but
they show increasing accessibility over the next 3 days (Fig. 5e). Thus, Pax7 pioneer
targets are bound quickly but the action on chromatin accessibility is delayed. Accordingly,
we identified genes with rapid and slow kinetics of transcriptional activation (Fig. 5f). For
example, the melanotrope hallmark Pcsk2 gene associated with pioneering (Fig. 1g and
2f) exhibits slow activation kinetics with highest expression after 5 days of Tam. Similar
profiles were obtained for larger groups of Pax7-induced genes identified by RNAseq after
12, 24 or 96 h of Tam treatment (Supplementary Fig. 7b). In summary, despite the rapid
binding of Pax7 to its pioneer targets, chromatin opening and gene activation are slower,
in stark contrast to the rapid process observed at direct transcriptional targets of Pax7.

Pax7 pioneer action leads to loss of DNA methylation and long-term
chromatin accessibility

DNA methylation being the hallmark of stable gene repression, we assessed whether
Pax7 pioneer action may regulate this process. Thus, we measured its impact on DNA
CpG methylation by whole-genome bisulfite sequencing (WGBS) before and after Pax7
action. Before Pax7, most CpGs at pioneer targets have >80% methylation while active
enhancers have <20% CpG methylation at +/-400bp from Pax7 peak summits (Fig. 6a).
Thus, Pax7 pioneer sites are within methylated regions indicating that DNA methylation
does not prevent Pax7 binding at these sites (Fig. 6b). After Pax7 pioneering, DNA
methylation is greatly reduced at pioneer sites although in a more locally restricted manner
than at active enhancers (<40% methylation at +/- 160bp). Further, the canonical Pax7
binding site contains a CpG that is itself highly methylated before Pax7 action and that
becomes demethylated after (Fig. 6c). The loss of DNA methylation at pioneered
enhancers would be expected to provide epigenetic memory. To investigate this, we used
the ER-Pax7 system in order to effectively remove Pax7 from its targets as shown by
ChIP-gPCR (Fig. 6d) and assess if Pax7 remodeling is reversible. We found that ER-Pax7
pioneered regions show decreased accessibility three days after removing Tam but

remain ATACseq accessible for at least 18 days (Fig. 6e); this represents at least twelve
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cell divisions for these cells. Consistent with this long-term accessibility, the signal-
dependent factor STAT3 can access sites that were pioneered by Pax7 18 days before its
acute (20 min. in presence of LIF) activation (Fig. 6f). In sum, Pax7 can initiate chromatin
remodeling at CpG-methylated enhancers leading to loss of DNA methylation and memory

of this reprogramming event.

DISCUSSION

In eukaryotes, developmental processes are tightly controlled by chromatin organization
and epigenetic regulation of genome accessibility is critical for normal development.
Pioneer factors have a critical role for epigenome remodeling and implementation of new
developmental fates. In the present work, we used a simple system to define the hallmark
properties of Pax7, a pioneer factor that confers pituitary intermediate lobe identity and
thus presets the epigenome prior to terminal differentiation. Despite also being driven by
Tpit, the anterior pituitary corticotrope fate has a very different developmental history
compared to the intermediate lobe where Pax7 expression is the end point of its unique
developmental history as the only site of continued contact between neuro and surface
ectoderms?®21, Through its pioneer action, Pax7 is necessary in vivo and sufficient in AtT-
20 cells for specification of the melanotrope cell fate.

The mechanism of pioneer recognition of target DNA sequences has created much
speculation in recent years. As factors that trigger developmental switches through
opening of naive chromatin, pioneers have been assumed, and shown, to bind their
targets within nucleosomal DNA?22, The present work is consistent with a rapid binding of
Pax7 to nucleosomal DNA targets, and indeed, nucleosome displacement is observed
after Pax7 action (Fig. 3 and 7). One unique feature of pioneer chromatin recruitment may
be their ability for widespread low affinity interactions?*24; these were interpreted as a
possible scanning mechanism. The lower affinity sites may correspond to the rapid on-off
subgroup of binding sites that were identified for the pioneer FoxA and also for the nuclear
receptors GR and ER?. Pax7 also has ~30% low affinity binding peaks that are not marked
by either H3K4mel or p300 (Supplementary Fig. 4a) and that are resistant to Pax7-
dependent chromatin remodeling (Fig. 4). These Resistant sites bind Pax7 with a low
apparent affinity that resembles the initial (30/60 min) Pax7 binding to pioneered sites (Fig.
5d); binding to the latter group is stabilized within 24h whereas this does not occur at
Resistant sites. Clearly, there must be permissive conditions that characterize the

facultative heterochromatin pioneered by Pax7 (Fig. 7). The repressive marks profiles are
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not strikingly different at pioneered compared to Resistant sites: the higher H3K9me3
levels at Resistant sites may qualify these as definitive heterochromatin while the similarly
high H3K9me2 levels are suggestive of the pioneer-permissive environment as facultative
heterochromatin (Fig. 7). At this time, it is not clear what chromatin reader may distinguish
this difference in H3K9 di- versus tri-methylation but it is noteworthy that the H3K4 methyl
transferase Ash2l that is recruited to Pax7-pioneered enhancers is inhibited by H3K9
trimethylation of flanking residues®.

Pax7 action on the melanotrope enhancer repertoire is a slow process (Fig. 5 and 7) since
it takes a few days to activate genes that depend on pioneering for expression; in contrast,
less than 24h are required for transcriptional activation (Fig. 5f). This slow time course
suggests that implementation of the long term effects of Pax7 pioneering may require
passage through cell division which occurs every 30-36 hours in AtT-20 cells. This slow
process is also reflected at the level of DNA accessibility as the ATACseq signal slowly
increases over at least 3 days at Pioneered sites but not within the 30 minutes that are
sufficient for Pax7 binding. These slow Kkinetics are however comparable to the
transcriptional response of pioneered genes and they are consistent with a model where
a permissive chromatin environment is established at replication.

In addition to the one-shot event that represents pioneering, Pax7 acts as a usual
transcriptional regulator with a maintenance function for a large transcriptome. This
maintenance role includes preferential recruitment and interaction with other TFs such as
Tpit. This type of interaction was described in details between FoxA and nuclear receptors
such as the estrogen, glucocorticoid and androgen receptors?>?7-2°, These interactions,
sometime labelled as assisted-loading?® or as « settler » factors®, take effect within short
time frames (30 minutes treatments for ligand activation of nuclear receptors) and thus
represent facilitation of enhancer activation. The enhancer targets of these interactions
may be in the primed state since weak DHS signals are present at these sites before
binding of either FoxA or ER (eg the recent work of ). This is quite different when
compared to Pax7 pioneered enhancers that have no ATACseq (Fig. 3a, b), FAIREseq?®
or DHS signal before Pax7 action (Supplementary Fig. 4c). Assisted-loading may thus
contribute to establishment and maintenance of developmental programs. In contrast,
chromatin pioneering is a slower process that may require DNA replication, that provides
long term stable memory as reflected by changes in DNA methylation and that is quite

different from assisted-loading or factor cooperativity.
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As gatekeeper of epigenetic stability, DNA methylation provides an ultimate memory of
cell identity. In the present work, we showed loci-specific CpG demethylation associated
with long term enhancer accessibility. Whether implementation of this epigenetic memory
depends solely on DNA hypomethylation or whether unique chromatin components are
also involved remains to be investigated. DNA methylation-dependent memory requires
passage through replication to be altered®!. Thus, this process is coherent with the slow
chromatin opening of Pax7-pioneered enhancers. The 3-5 days required for pioneer
activation of gene expression (Fig. 5f and Supplementary Fig. 7b) represent more than a
single cell division. This time frame also argues against DNA accessibility to pioneered
sites being provided by the simple passage through replication as Pax7 binding already
reached its maximum at 24h. The kinetics are however more consistent with stepwise
changes introduced at the time of cell division such as impaired maintenance of DNA
methylation or active demethylation. In this respect, it is noteworthy that Pax7 appears
capable of binding the composite DNA binding site (enriched at pioneer sites) even when
methylated. Indeed, this site often includes a CpG dinucleotide and it was found to be
methylated before Pax7 action but demethylated after (Fig. 6¢). Thus, the slow kinetics of
pioneer site opening and gene activation may reflect the time required to stably establish
new methylation patterns and associated chromatin components. Be that as it may, the
accessibility of Pax7-pioneered enhancers is stably maintained once established,
consistent with DNA methylation playing a critical role in this maintenance.

In summary, Pax7 fulfills its role of selector gene for pituitary intermediate lobe identity
through a pioneer activity that has all the mechanistic hallmarks expected of this class of
factors. Specifically, Pax7 binds its pioneer target sequences in naive chromatin
irrespective of nucleosomes or CpG methylation; it does so rapidly (less than 30 minutes)
but requires longer than a cell division to implement its effect on chromatin organization.
The melanotrope-specific enhancer repertoire acquires stable epigenetic memory

providing long-term access for other non-pioneer transcription factors.
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ONLINE METHODS

Mice, cells and tissue culture. After dissection, EGFP-positive cells of pituitary
intermediate and anterior lobes were FACS-sorted from POMC-EGFP mice by the IRCM
FACS core facility!®. For RNAseq, two biological replicates of pools of eleven C57BI/6
pituitaries were used whereas similar pools of seven pituitaries were used for ATACseq.
Two biological replicates, each a pool of three 129/sv Pax7” and Pax7*"* intermediate
lobes, were used for ATACseq analyses. AtT-20 cells (obtained from the late E. Herbert
in 1981 and maintained in this lab since with yearly negative mycoplasma tests) were
grown and selected as described®. Tamoxifen treatment used a final concentration of 400
nM and 0.1% ethanol for the specified duration and control cells were treated with 0.1%
ethanol. For cells treated more than 24h, cell medium containing 400nM Tamoxifen was
renewed every day. Dexamethasone and LIF treatment was performed for 20 minutes at
10'M and 10 ng/ml respectively, on cells used for assessment of GR and STAT3 binding.

Pax77’ and Tpit” mice were described previously3®.

All animal experimentation was approved by the IRCM Animal Ethics Committee in

accordance with Canadian regulations.

Genome-wide analyses. Table S1 provides all experimental conditions and reagents for
ATACseq, ChlPseq, RNAseq and WGBS samples. All data have been deposited on GEO
as GSE87185.

ATACseq. ATACseq was performed according to®? with small alterations to the original
protocol to diminish mitochondrial contamination and increase signal to noise ratio. Briefly,
we isolated 100, 000 nuclei using serial 30 minutes incubation at 4 °C, first for 30 minutes
in a hypotonic cell lysis buffer (0.1% "/, Sodium Citrate Tribasic Dihydrate and 0.1% “/y
Triton X-100) followed by 30 minutes in normal cell lysis buffer (10 mM Tris-HCI, pH 7.4,
10 mM NacCl, 3 mM MgCl,, 0.1% Y/, IGEPAL CA-630). Transposition was performed
directly on nuclei using 25 pl of a transposase Master Mix (2.5 pl 10x TD Buffer, 10 pl H20,
+ 12.5 pl Enzyme from Illlumina Nextera Kit; FC-121-1031). DNA was then purified and
enriched by PCR, and the library was recovered using GeneRead Purification column

(Qiagen) and sequenced on lllumina Hi-seq 2000.

ChlPseq. ChIP-gPCR and ChIP-seq were performed and analyzed as described®®. At
least 3 independent ChIPs were pooled before library preparation. For Tam induction

experiments, we used ChlPexo conditions in order to optimize signal-to-noise ratios using
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the Active Motif ChIP exo kit*. The libraries and flow cells were prepared by the IRCM
Molecular Biology Core Facility following Illumina recommendations (lllumina, San Diego,
CA). The ChIP libraries were sequenced on the lllumina Hi-Seq 2000 sequencer.
Supplementary Table S1 provides details of antibodies used for ChIP and sequencing
depth and Table S2 lists the PCR primers.

RNAseq. For each biological replicate, RNA was extracted from 1,000,000 cultured cells
or from 250,000 FACS-purified corticotropes or melanotropes using Qiagen RNeasy plus
mini kit for cultured cells and the Zymo Research quick-RNA MiniPrep kit for normal
pituitary cells. Ribosomal depletion, library preparation and flow cells preparation for
sequencing were performed by the IRCM Molecular Biology Core Facility following

lllumina recommendations (lllumina, San Diego, CA).

Whole Genome Bisulfite Sequencing (WGBS). Genomic DNA was extracted from
1,000,000 AtT-20Neo and AtT-20Pax7cells using Qiagen DNeasy Blood & Tissue Kit.
Bisulfite conversion was done with Zymo Research EZ DNA Methylation-Lightning Kit;
library and flow cell preparations were performed by the IRCM Biology Core Facility

following lllumina recommendations (Illumina, San Diego, CA).

ChlPseq and ATACseq peak analyses. All ChlPseq and ATACseq used 50bp paired-
end sequencing reads, except the Tpit ChlPseq that used 50bp single-end reads, and the
ATACseq in AtT-20Neo and AtT-20Pax7 cells that used 100bp paired-end reads. We
mapped ChiPseq and ATACseq reads on the mouse genome assembly mm10 using
bowtie v1.1.2 using the following setting: bowtie -t -p 4 --trim5 1 --best mm10 —S**. For the
Pax7-based analyses in Figures 3, 4 and 5, to identify significant binding/presence of TF,
co-activator, histone modification and accessibility by ATACseq, we processed the
mapped sequence reads with MACS version 2.1.1 against their matching control samples
(see details in Table S1) using the parameters: --bw 250 -g mm --mfold X X -p le-5 *®).
The MACS option —mfold was determined independently for each experiment. We kept
peaks with P values <107 for further analyses. Quantification of input samples at Pax7
peaks using HOMER? allowed removal of repeated or duplicated regions to extract single
copy loci. Single copy Pax7 peaks were matched with H3K4mel peaks within a 2kb
window; for TF and p300 peaks, we used a 1kb window to define overlaps. For DARs
analyses in purified melanotropes and corticotropes, we used each sample as control for
the other and kept differential peaks with P <10-%.
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Motif analyses. Both de novo motif searches and known motifs were identified within
200bp windows around DAR summits using the HOMER findMotifsGenome command?*.
Motif densities were assessed using the HOMER annotatePeaks command with the

matrices of the motifs that resulted from the de novo motif analyses.

RNAseq analyses. Strand specific RNAseq paired-end reads were trimmed using
trimmomatic and mapped on the ensembl GRCm38.77 genome with tophat2*’ with the
parameters: --rg-library "L" --rg-platform "ILLUMINA" --rg-platform-unit "X" --rg-id
"run#many" --no-novel-juncs --library-type fr-firststrand -p 12. Gene expression was
quantified using HOMER analyzeRepeats command®® and differential expression
assessed using EdgeR 3.12.1%,

WGBS analysis. We generated ~750,000,000 100bp paired-end reads per sample and
aligned them to the bisulfite converted reference genome GRCm38 with Bismarck
0.14.3%. After alignment, the deduplicate script (Bismark) was used to remove duplicate
reads. The methylation counts were then extracted with methylKit 0.9.4%. MethylKit was
also used to calculate differential methylation between the AtTNeo and AtTpax7 samples.
Methylation was computed in all three contexts, CpG, CHG, and CHH (where His A, C or

T). Methylation was also computed at single base level.

Heatmaps, box-plots, average profiles, dispersion plot generation and statistical
analyses. We generated the figures using a combination of easeq?, (http://easeq.net),
and HOMER commands.

Statistical analyses were performed using unpaired two-sided T-test or unpaired two-

sided Wilcoxon rank-sum test as indicated.

Data Availability. All genomic data have been deposited on Gene Expression Omnibus
(GEO) under accession number GSE87185.
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Figure 1. Unigue enhancer, but not promoter, repertoires define lineage-

specific chromatin landscapes.

120



Figure 1. Unigue enhancer, but not promoter, repertoires define lineage-

specific chromatin landscapes.

a) Schematic representation of pituitary tissue and experimental procedure for
purification of POMC-expressing melanotropes of the intermediate lobe (NIL) and

corticotropes of the anterior lobe (AL).

b) Volcano plot of differential gene expression determined by RNAseq analysis of
two independent primary cell replicates of pituitary corticotropes and
melanotropes. Blue and Red dots represent genes that are differentially expressed
(FDR<0.05) in corticotropes and melanotropes, respectively. Genes that are not
significantly differentially expressed are shown in grey. The number of cell-specific
genes is indicated; the P values for their enrichment derive from analyses using
the edgeR tool.

c) Genomic distribution of the distance between ATACseq peaks and the closest
TSS. Accessible regions segregate in two groups, proximal (<1kb from TSS) and
distal regions (>1kb from TSS).

d) Genomic distribution of the distance between lineage-specific Differentially
Accessible Regions (DARs, P <1029 and the closest TSS.

e) Distance from cell-specific DARs to the nearest cortico- or melano-specific

gene, as indicated.

f) Dispersion plots of ATACseq signals from the average of two independent
primary cell replicates of purified corticotropes and melanotropes at the TSS (+
200 bp) of differentially expressed genes (left) and at cell specific DARs (right),
blue for corticotrope and red for melanotrope genes. The DARs strongly cluster
according to lineage. Dotted lines indicate threshold of minimal RPKM signal at
statistically significant (P <10-?°) DARs.

g) RNAseq and ATACseq profiles of the melanotrope-specific Pcsk2 locus.
Highlighted regions represent the promoter (grey) and DARs (yellow).
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Figure 2. Pax7 binds melanotrope-specific DARs and is required for

expression of melanotrope-specific genes.
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Figure 2. Pax7 binds melanotrope-specific DARs and is required for

expression of melanotrope-specific genes.

a) Motif enrichments at cortico- and melano-specific DARs derived from analyses
using HOMER.

b-c) Average profiles of ChIPseq data for GR (from Dex-induced AtT-20 cells), Tpit
and Pitx1 (in AtT-20 cells) and Pax7 (in Pax7-expressing AtT-20 cells) at cortico-
(b) and melano(c)-specific DARs. Read densities refer to reads per 107 reads.

d) Volcano plot of changes in gene expression assessed by microarrays?® of two
tissue replicates of Pax7-- compared to wild-type intermediate pituitaries (X axis)
compared to P values of melanotrope versus corticotrope differential expression
(Y axis, from Fig. 1B). Hallmark genes of each lineage are identified on the
diagram.

e) Pie charts showing proportion of Pax7-regulated® (P <0.05) melanotrope and
corticotrope genes (from Supplementary Fig. 3c) also affected (P <0.05) in Tpit”
pituitaries.

f) Genome browser views of ATACseq signals in purified corticotropes and
melanotropes, in wild-type and Pax7” intermediate lobes and in AtT-20 cells
before/after Pax7 expression. Pax7 ChlPseq from AtT20-Pax7 cells is also shown

at three putative enhancers of melanotrope genes.
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Figure 3. Pax7 pioneers chromatin opening at a subset of sites that had no

previous recognizable chromatin mark.
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Figure 3. Pax7 pioneers chromatin opening at a subset of sites that had no previous

recognizable chromatin mark.

Pax7 binding sites determined by ChlPseq were clustered according to Pax7-dependent
changes in the chromatin mark H3K4mel and with recruitment of p300 measured by
ChlIPseq; details of the clustering are provided in Supplementary Figure 3a.

a-d) Heatmaps for ChlPseq of Pax7, H3K4mel, p300, H3K27ac, H3 and ATACseq at
different subsets of Pax7 targets: Pioneer Activation (a), Pioneer Priming (b),
Transcriptional Activation (c) and Constitutively Active enhancers (d). In each case, data
are shown for AtT-20 cells before and after Pax7 expression; the number of peaks in each
subset is indicated and metaplots are provided in Supplementary Figure 3d.

e-h) Pie charts showing changes in binding (determined by ChiPseq, P <10 derived from
MACS analyses) for the developmental TF Tpit and signal-dependent TF STAT3 at the
different subsets of Pax7 targets, Pioneer Activation (e), Pioneer Priming (f),
Transcriptional Activation (g) and at Constitutively Active enhancers (h). Similar results
were obtained for the glucocorticoid receptor GR (Supplementary Fig. 3e).

i-) ATACseq profiles in normal pituitary cells for the different subsets of Pax7 targets,
Pioneer Activation (i), Pioneer Priming (j), Transcriptional Activation (k) and at
Constitutively Active enhancers (l).

m) Volcano plot of differentially (P <0.05) expressed genes assessed by RNAseq
before/after Pax7 expression in two independent cell replicates of AtT-20 cells; the P
values for their enrichment derive from analyses using the edgeR tool.

n) Average plots showing ATACseq and H3K4me3 ChlPseq at TSS of Pax7 repressed
and induced genes.

0) Box-plot of distance (Mb) between Activated Pioneered enhancers and the closest
repressed, induced or switched-on genes. Center lines show medians; box limits indicate
the 25" and 75™ percentiles; whiskers extend 1.5 times the interquartile range from the
25" to 75™ percentiles; outliers are represented by dots. P value was assessed by
unpaired two-sided Wilcoxon rank-sum test.

p) Average Phastcons sequence conservation for different groups of Pax7-bound
enhancers. P values were assessed by unpaired two-sided Wilcoxon rank-sum test.

g) Heatmaps of Ash2l ChiPseq at the Pioneer Activated, Primed and Constitutively Active

targets of Pax7 in AtT-20 cells before/after Pax7 action.
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Figure 4. A unique chromatin environment for pioneering by Pax7.
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Figure 4. A unique chromatin environment for pioneering by Pax7.

a) Average plots of Pax7 and H3K4mel ChlIPseq in AtT-20 cells before/after Pax7
expression at Pioneer Resistant, Pioneer Activated and Constitutively Active Pax7
subsets. RPM, reads per million.

b) De novo motif search (derived from analyses using HOMER) of the Pioneer
Resistant subset identifies the CTCF motif as the most significantly enriched motif
compared to Pioneer Activated targets.

c) Average plots of motif frequencies for Pax7 composite and CTCF motifs at the
Pioneer Resistant, Pioneer Activated and Constitutively active subsets.

d) Heatmaps of SMC1, CTCF, H3, H3K9me3, H3K9me2, H3K27me3 at the
Pioneer Resistant, Pioneer Activated and Constitutively active subsets.

e) Average plots of H3, H3K9me3, H3K9me2 and H3K27me3 ChiIPseq in AtT-20
before/after Pax7 expression at Pioneer Resistant, Pioneer Activated and

Constitutively Active Pax7 subsets. RPM, reads per million.

127



-

5 Maximum
Tamoxifen treatment E 100% . b‘d.
< induction
52
Pax7 § % (5 Tfeb 5x
° e
Inactive Active £§ 50% ~@~ Mest 4x
ER-Pax7 ER-Pax7 2E Pcsk2 6x
38 8- Mybpc!  55x
2 0% ~te~ Thbs2 90x
& 0o 1 2 3 4 5
b Days after Pax7 induction (Tam)
Constitutively active
3 No Tam 60 min
=8 400
few
B
% 8o 200 1 » b
38% 25
5 g 2
22 0 i —=
P 0 75 150 0 75 150
Stable Pax7 (200-bp central reads per 107 reads)
< Pioneer activated
2] No Tam 30 min 60 min 48 h
38, = -
) 8
Gg8 2] 3
$ie Ba
383 - . .
2g 0 . —— :
o 0 75 150 0 75 150 0 75 150 0 75 150
Stable Pax7 (200-bp central reads per 107 reads)
d 30 min 60 min 24h 48h 72h
> 15 1.5 15 15 15
rg B
aé 1.0 1.0 1.0 4 1.0 1.0
S¥
T2 05 A 0.5 0.5 05 05
0 \
Tz e/
5 o0 = 0 0 - 0 0
-1 0 1 -1 0 1 -1 0 1 -1 0 -1 0 1
Distance from Distance from Distance from Distance from Distance from
peak center (bp) peak center (bp) peak center (bp) peak center (bp) peak center (bp)
Resistant Constitutiy Pioneer d
¢ No Tam 30 min 12h 24h 48h 72h >20d
1.0 1.0 1.0 1.0 1.0 1.0 1.0
z
z8
<3 0.5, 0.5, 0.5 0.5, 0.5, 0.5 0.5
28
§e
& r A" 1 r o 1 r o 1 —0 1 r © 1 r o 1 r o 1
-1,000 1,000 -1,000 1,000 -1,000 1,000 -1,000 1,000 -1,000 1,000 -1,000 1,000 -1,000 1,000

Distance from peak center (bp)
B Constitutively active [} Pioneer activated

Figure 5. Pax7 binds quickly but acts slowly at pioneer sites.
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Figure 5. Pax7 binds quickly but acts slowly at pioneer sites.

a) Schematic of the ER™M-Pax7 chimera used to assess the kinetics of Pax7
binding and action.

b) Dispersion plots of Pax7 binding at Constitutively Active enhancers (n=8399) in
Tamoxifen (Tam)-induced ER-Pax7 cells (for O, .5, 1, 24, 48, 72h) compared to
stable Pax7-expressing cells as determined by ChlPseq.

c) Dispersion plots of Pax7 binding at Pioneer Activated enhancers (n=214) in
Tam-induced compared to stably-expressing Pax7 cells.

d) Average profiles of Pax7 ChIPseq signals at Pioneer Activated (red), Pioneer
Resistant (grey) and Constitutively Active (blue) subsets normalized to the summit
of Constitutive enhancers (blue) without induction and after 0.5, 1, 12, 24, 48, 72h
in presence of Tam.

e) Average profiles of ATACseq signals at Pioneer Activated (red) relative to
summit of Constitutive enhancers (blue) without induction, after 30 min, 12, 24, 48,
72h and more than 20 days of Tam treatment.

f) Time-course of mMRNA induction for two transcriptionally-activated Pax7 target
genes (Tcfeb and Mest) and for Pax7 pioneer-dependent target genes (Pcsk2,
Mybpcl, Thbs2). RT-gPCR was used to assess mRNA levels (normalized to
GAPDH mRNA levels) at different times following addition of Tam and the maximal
fold induction for each mRNA is indicated next to the gene list. Data are means
t+sem of four separate experiments, each assessed in duplicates.
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Figure 6. Long term epigenetic memory and DNA demethylation.
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Figure 6. Long term epigenetic memory and DNA demethylation.

a) Whole genome bisulfite sequencing (WGBS) was performed on control AtT-20
and Pax7-expressing AtT-20 cells and used to generate dispersion plots (easeq)
of CpG methylation levels at enhancer subsets centered on Pax7 summits. Data
are shown for the reference constitutively active enhancers that exhibit DNA
hypomethylation at their center and for the fully activated Pioneer sites that are
highly methylated (> 80%) before Pax7 action but undergo loss of CpG methylation
in AtT20-Pax7 cells.

b) Genome Browser representation of Pioneer Activated and Constitutively Active
enhancer loci showing the extent of methylation at individual CpGs together with
ChlIPseq profiles for Pax7 and H3K4me1l before/after Pax7.

c) Specific Pax7 binding sites (underlined) present at loci depicted in b showing
CpG dinucleotides in red. Histograms show %CpG methylation for each C residue
of the Pax7 binding sites.

d) Pax7 binding assessed by ChlPseq at the Pcsk2 locus in untreated and AtT-20
cells treated with Tamoxifen compared to cells treated for more than 20 days
followed by 18 days of Pax7 withdrawal.

e) Heatmaps of ATACseq signals at pioneered and constitutively active enhancers
in Tam-treated and withdrawn ER-Pax7 cells. ER-Pax7 cells were grown in
presence of Tam for over 20 days and following removal of Tam for 3 orl18 days.
f) Four representative Pax7-pioneered loci showing LIF-induced (20min.) STAT3
binding 18 days after removal of Pax7 (Tam). The fourth locus shows marginal

non-significant binding after removal.
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Figure 7. Pioneer action and chromatin states defined by Pax7-dependent
transitions.

a) Definitive Heterochromatin contains Pax7 binding sites of low affinity that are
resistant to pioneering.

b) Pioneer competent sites are found within Facultative Heterochromatin. These
sites bind Pax7 with high apparent (ChlPseq) affinity and undergo slow (2-5 days)
chromatin opening.

¢) Primed enhancers are marked by low levels of centrally-located H3K4me1l and
weak DNA accessibility.

d) Active enhancers have accessible DNA (ATAC, DHS or FAIRE), nucleosome
depletion with flanking H3K4mel and H3K27ac. They are occupied by p300 and
their DNA is hypomethylated.
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Supplementary figure 1. High degree of correlation between RNA-seq and

ATAC-seq replicates of FACS-enriched pituitary cells.
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Supplementary Figure 1. High degree of correlation between RNA-seq and
ATAC-seq replicates of FACS-enriched pituitary cells.

(a) Dispersion plots showing correlation between RNA-seq values for all
expressed genes (FPKM >1 in at least one sample) of two independent primary
cell replicates of pituitary corticotropes and melanotropes. (b) Density plots
showing correlation between two independent primary cell replicates of ATAC-
seq’s performed in corticotropes and melanotropes. Only 200-bp bins with more
than 50 reads in one sample were used for calculating the Pearson coefficient.
Bins with more than 200 reads are shown on the plot as 201 reads. (c) Bar graphs
showing the proportion of ATAC-seq peaks with P values (derived from MACS)
between 10-5 and 10-20 (grey) and less than 10-20 (green). (d) Cross
comparisons of ATAC-seq peaks in corticotropes (blue) and melanotropes (red)
between the different replicates with the indicated P-value (derived from MACS)
thresholds.
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Supplementary figure 2. Lineage-specific transcriptional program controlled

by cell-specific DARs.
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Supplementary Figure 2. Lineage-specific transcriptional program
controlled by cell-specific DARs.

(a,b) Expression levels of the 20 most highly expressed genes in corticotropes (a) and
melanotropes (b). (c) Boxplot showing the distances between cortico- (n = 558) or melano-
(n = 2,891) specific DARs and the closest differentially expressed genes. Center lines
show medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times
the interquartile range from the 25th to 75th percentiles; outliers are represented by dots.
P values are assessed by unpaired two-sided t test. (d) Boxplot showing the level of
conservation (PhastCons) of lineage specific DARs compared to random control regions.
Center lines show medians; box limits indicate the 25th and 75th percentiles; whiskers
extend 1.5 times the interquartile range from the 25th to 75th percentiles; outliers are
represented by dots. P values assessed by unpaired two-sided t test. (e,f) Genome
browser views of lineage-specific genes for two melanotrope (e) and two corticotrope
markers (f).
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Pax7 as a cell-fate regulator.
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Supplementary Figure 3. DNA-sequence-motif searches at DARs identify
Pax7 as a cell-fate regulator.

(a,b) Motif enrichments obtained using HOMER on corticotrope (a) and
melanotrope (b) DARs within a 200-bp window around DARs summit. The top
three de novo and known motifs are shown. The bZIP motif identified in the
melano-specific DARs (b) appears unique to this subset. However, this bZIP motif
is not unique to melanotrope DARSs since it is also a major motif extracted from
DARs shared between the two POMC lineages and it is also found in gonadotrope
DARs (not shown). (c) Distribution of changes (P<0.05) in cortico- and melano-

specific gene expression in Pax7”- neuro-intermediate lobe.
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140



Supplementary Figure 4. Analysis of subsets of Pax7 genomic targets.

(a) Scheme for clustering subsets of Pax7 binding sites identified (P < 10-5 ,
derived using MACS) by ChiIP-seq (n = 89,206). Pax7 peaks were associated with
the presence of H3K4mel and p300 peaks (P < 10-5 ) before or after Pax7
expression (summit of H3K4mel peak +/- 1 kb from Pax7 summit, +/- 500 bp for
p300 peaks). The subsets with H3K4mel before and after Pax7 were defined as
Constitutively Active (p300 present before and after Pax7) and Pax7 Activated
putative enhancers (p300 present only after Pax7). The subset that gained
H3K4mel after Pax7 binding was deemed to include putative Pioneer sites, and
was further subdivided into Primed or Activated pioneer subsets depending on the
accompanying gain of p300. Finally, pioneer targets being mostly at intergenic and
intronic regions, we extracted for all subsets the intergenic and intronic peaks to
define putative enhancers for further analyses. The number of peaks in each
subset is indicated. (b) P value (derived from MACS) distribution of the four
subsets (n indicated above in a) of Pax7 targets used for analyses. (c) Average
DNAse hypersensitivity (GEO SRX034837) profiles for four subsets of peaks
defined in a. (d) Average H3K4mel profiles before (blue) or after (red) Pax7 at the
four subsets described in Figure 3. (e) Heatmaps of Tpit and Stat3 ChlP-seq
signals at the four subsets of Pax7 peaks described in Figure 3. (f) GR binding
changes, measured by ChiP-seq (P < 10-5, derived from MACS), before or after
Pax7 action at the indicated subsets (n indicated above in a) of Pax7 peaks. (g)
Genome browser views of the four loci used for gPCR validation in h. H3K4mel
ChIP-seq data are shown in AtT-20 cells with/without Pax7 and replicate 1 of
ATAC-seq data from corticotropes (C) and melanotropes (M). (h) ChIP-gPCR for
H3K4mel at two Pax7 pioneer targets in the Kif21b and Pcsk2 loci, one putative
enhancer of the GR locus open in both lineages (C and M), and another GR locus
putative enhancer specifically opened in corticotropes (C) as indicated. The data
shown are means +/- s.e.m. of tissue triplicates assessed by duplicate qPCR
measurements. The negative control sites (Negl and Neg2) do not show any

H3K4mel enrichment.
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Supplementary figure 5. DNA sequence motifs identified in Pax7 subsets.

(a) De novo motif enrichments identified using HOMER at the indicated subsets (n
indicated in Supplementary Fig. 4a) of Pax7 targets. The top three identified motifs
are shown. (b) De novo motif enrichments identified using HOMER at the indicated
subsets of Pax7 targets using the indicated subsets as background to identify
sequences associated with specific Pax7 subsets. The top three identified motifs

are shown.
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Supplementary figure 6. Validation of chromatin-mark data produced in this

study.

(a) Heatmaps of indicated ChIP-seq data around 24,061 RefSeq TSS in AtT-20
cells before or after Pax7 ranked according to expression levels derived from RNA-
seq data shown at right. (b) Genome-wide Pearson correlations of ChlP-seq
signals of all chromatin marks used in this study. Genomic windows of 500 bp with
= 20 reads were used to calculate correlations; windows with more than 500 reads
were downscaled to 501 reads. The repressive histone marks (H3K9me3,
H3K9me2 and H3K27me3) cluster together, while the active mark H3K27ac
correlates with both H3K4mel and H3K4me3. In all cases, the strongest
correlation is obtained when comparing each dataset with or without Pax7 (>0.89).
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Supplementary figure 7. Characterization of inducible ER-Pax7 cells.

(a) Western blot showing Pax7 protein expression in Tam-induced ER-Pax7 AtT-
20 cells compared to stable Pax7-expressing AtT-20 cells. A representative of two
independent experiments is shown. (b) Gene induction curves of ER-Pax7 gene
targets assessed by RNA-seq in cells treated with Tam for 12 h, 24 h and 96 h in
comparison with non-treated cells. Gene targets were separated into two induction
dynamics matching those observed in Figure 5e. 100% corresponds to the
maximum level of gene induction for each gene, and 0% representing the lowest
level of the four time points measured. All target genes were induced at least 2-
fold in stable Pax7-expressing and in ER-Pax7-expressing cells. Late targets show
lower than 40% gene induction at 24 h, while early targets show more than 80%
induction at 24 h.
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Abstract

Pioneer transcription factors are coined as having the unique property of “opening
closed chromatin sites” for implementation of cell fates. We previously showed that
Pax7 pioneers pituitary melanotrope cell identity through deployment of an
enhancer repertoire: this allows binding of Tpit, a nonpioneer factor that drives
terminal differentiation of melanotropes and the related corticotropes. Here, we
used scRNAseq and chromatin accessibility profiling to define shared and cell-
specific gene expression programs and chromatin landscapes in these lineages.
Pax7- and Tpit-deficient pituitaries fail to deploy the melanotrope enhancer
repertoire indicating that both factors are required for chromatin opening. Finally,
in cells, binding of heterochromatin targets by Pax7 is independent of Tpit but
Pax7-dependent chromatin opening requires Tpit. The present work shows that
pioneer core properties are limited to the ability to recognize heterochromatin
targets and facilitate nonpioneer binding. Chromatin opening per se may be

provided through cooperation with nonpioneer factors
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Introduction

Lineage specification occurs repetitively throughout the development of
multicellular organisms. It leads totipotent stem cell of the early embryo to
differentiate toward numerous lineages of complex organisms. Multiple
specification events accumulate and incrementally decrease cell fate potency. As
more decisions accumulate, cells change their program of gene expression leading
to more specialized phenotypical characteristics. These decisions are typically
driven by master transcription factors (TFs) that are essential to implement
transcription regulatory networks. Several of these master regulators act as
pioneer factors, a unique class of TFs that implement cell specific program through
remodeling of the chromatin landscape. Unlike canonical TFs, they can bind
“closed” heterochromatin and facilitate the binding of other TFs. For example,
Foxal is essential for liver fate and binds regulatory sequences before gene
activation (Cirillo et al., 2002; Lee et al., 2005). Ebfl also acts as a pioneer factor
during B-cell development and Neurodl and Ascll (Mashl) were suggested to
function as pioneer factors during neural development (Pataskar et al., 2016;
Wapinski et al., 2017). Ectopic expression of pioneer factors is sufficient to drive
trans-differentiation, the most extreme example being the reprogramming of
fibroblasts into induced pluripotent stem cells through expression of the pioneer
factors Oct4, KIf4 and Sox2 (Okita et al., 2007; Soufi et al., 2015). Similarly,
C/EBPa can direct trans-differentiation of pre-B cells into macrophages (Di Tullio
et al., 2011). Recently, Grainyhead (Grh) was shown to prime epithelial enhancers
(Jacobs et al., 2018) by displacing nucleosomes. Whether all TFs that are critical
for cell differentiation also function as pioneer factors is not really known. Further,
the pioneer model implies that chromatin opening is the direct consequence of
pioneer factor action and this allows nonpioneer binding to newly accessible sites.
However, it has not really been assessed whether nonpioneers can play a role in
pioneer-driven chromatin opening. Here, we used normal and perturbed pituitary
differentiation to investigate the pioneer model and establish the specific and/or
overlapping functions of the master regulators Pax7 and Tpit. The two pituitary
lineages that express the hormone precursor pro-opiomelanocortin (POMC), the
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melanotropes and corticotropes, both require Tpit for POMC expression and to
prevent differentiation towards the gonadotrope fate (Lamolet et al., 2001;
Pulichino et al., 2003). Further, both POMC lineages require Tpit to implement a
secretory cell transcriptional program by activation of scaling factors for translation
and secretory organellogenesis (Khetchoumian et al., 2018). While sharing the
secretory POMC identity, corticotropes and melanotropes differ by their functions:
indeed, these two POMC-expressing lineages control corticosteroidogenesis and
pigmentation, respectively (Drouin, 2017). Melanotropes specification depends on
the pioneer action of Pax7 (Budry et al., 2012) through deployment of a
melanotrope enhancer repertoire (Mayran et al., 2018).

Here, we first establish that the two POMC lineages share a transcriptional
program that is distinct from other pituitary cells and that in addition, they each
have a unique program of gene expression. We then show that these two layers
of identity (shared and lineage-specific) are reflected at the level of chromatin
accessibility and that the shared POMC chromatin landscape requires Tpit.
Further, the Pax7-dependent melanotrope chromatin landscape also requires Tpit
suggesting that the two factors (Pax7 and Tpit) act together during melanotrope
lineage specification. Finally, Pax7 and Tpit have different roles as only Pax7 has
the ability for heterochromatin binding while Pax7-dependent Tpit binding is
associated with chromatin opening. In summary, we propose that the essence of
pioneer action may be in the ability to recognize and bind DNA sites in closed
chromatin whereas cooperating nonpioneer TFs , such as Tpit, may drive

chromatin opening.

Results
Diversity of pituitary cell lineages

The pituitary is a highly specialized organ where each lineage serves as a hormone
producing factory. Each cell type is dedicated to the regulation of a specific
endocrine organ and responds to specific signals from the hypothalamus and

body. We used single cell RNAseq to decipher the transcriptional complexity of the
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different pituitary lineages. For each lineage, hormone-coding mRNAs are so
abundant that they appear as peaks in cDNA libraries (Figure S1A). Profiling of
adult mouse male pituitary cells (Figure S1B) was achieved by plotting single cell
data using t-distributed stochastic neighbor embedding (t-SNE), a common
method (Maaten, 2008) that uses dimensionality reduction to cluster together cells
with similar transcriptional profiles (Figure 1A). This showed that cells expressing
the same pituitary hormone cluster together and that they all express Pitx1, a
marker of the oral ectoderm origin of the pituitary (Drouin, 2017) (Figure S1C-G
and 1B). We identified 12 clusters composed of endocrine and non-endocrine cells
(Figure 1C). Cluster 1 corresponds to somatotropes as they express the growth
hormone (Gh) gene. Lactotropes that produce Prolactin (Prl) are found in cluster
2. Clusters 4 and 5 correspond to melanotropes and corticotropes, respectively;
both express the POMC gene, yet only melanotropes express Pcsk2. Gonadotrope
that express the Lhp gene are in cluster 8. We also detected thyrotropes as Tshf3-
expressing cells; however, they did not appear as a separate cluster (Figure S1C).
The pituitary stem cells that express Sox2 (Fauquier et al., 2008) are found in
cluster 7. Although our study aimed at defining the transcriptome of the different
pituitary lineages, we also uncovered several non-endocrine cells within the
pituitary tissue that do not express Pitx1 (Figure 1B). We identified endothelial cells
(cluster 9), macrophages (cluster 10), posterior pituicytes (cluster 11) and
pericytes (cluster 12). Cluster 3 is fragmented in three different groups of cells that
express either GH, Prolactin, POMC or Lh. We performed differential expression
analysis between each sub-cluster 3 and its matching cell type in order to define
these subsets. In all cases, cells of these subsets are specifically depleted of
ribosomal proteins and enriched for mitochondrial RNA. This was shown to be an
artefact of tissue dissociation (llicic et al., 2016) and to represent cells affected by

the preparation: we excluded cluster 3 from following analyses.

We then compared the transcriptomes of the different pituitary lineages by
performing differential expression analysis between clusters 1, 2, 4, 5, 7 and 8.
Genes with two-fold differential expression between each cluster (p value <0.05

and minimum 0.2 UMI in at least one pooled cluster) are shown as a heatmap
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(Figure 1D). The Sox2+ stem cell niche is the most transcriptionally divergent from
other pituitary lineages based on correlation clustering analyses. The two Pitl-
dependent lineages, the lactotropes and somatotropes, are the most different
compared to the two POMC lineages and gonadotropes that cluster together.
Within the latter group, corticotropes and melanotropes are more transcriptionally
correlated together than with gonadotropes. Thus, the two POMC lineages,
melanotropes and corticotropes, have both a shared and a specific transcriptional

program.

Lineage-specific chromatin landscapes

We next aimed to identify cis-regulatory elements that regulate the transcriptional
identity of pituitary lineages. We used ATACseq (Buenrostro et al., 2013) to identify
putative regulatory elements that are accessible in each lineage. We
complemented our previously published datasets of purified melanotrope and
corticotrope ATACseq with accessibility profiles for gonadotropes and anterior lobe
(AL) cells. Gonadotropes were FACS-purified from transgenic pituitaries
expressing the LHB-Cerulean transgene (Budry et al., 2011). As control, we
isolated the remaining AL cells that are mostly composed of a combination of Pit1-
dependent somatotropes and lactotropes. Interestingly, we found that the
promoters of hormone genes POMC, aGSU, Gh and Prl as well as lineage
specifiers Tpit (Tbx19), Pax7, SF-1 (Nr5al) and Pitl show lineage-specific
accessibility (Figure 2A and S2A). However, the Pcsk2 promoter is accessible in
all pituitary lineages but its numerous distal accessible sites (putative enhancers)
are only accessible in melanotropes. Globally, we identified 98926 open chromatin
regions across the pituitary lineages (Figure 2B). Segregation of lineage-specific
accessibility yielded 33451 regions opened in all lineages, 14025 regions opened
in a combination of three lineages, 20374 in two lineages and finally 31076 opened
in only one lineage. Thus, there are regions specifically accessible in
melanotropes, corticotropes, gonadotropes or in the AL. In accordance with the
close transcriptional correlation between melanotropes and corticotropes, we also

found shared regions accessible in both melanotropes and corticotropes (POMC-
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specific) but closed in gonadotropes and AL. Finally, we identified 13130 pituitary-
specific sites that are closed in embryonic stem cells, as well as a set of 20321
regions accessible in both pituitary and ES cells (Figure S2B). These ubiquitous
peaks are for the majority (58%) composed of promoter elements (Figure S2C)
while regions opened in two or in only one pituitary lineage are mostly distal
elements (94% and 96%, respectively). This reinforces the idea that promoter
accessibility is established early during differentiation. Further, this suggests that
lineage specific opening of promoters tends to be an exception and may be
involved in restricting appropriate expression of critical genes such as hormone-

coding genes and lineage specifiers.

Comparison of the spatial relationship between the POMC-specific transcriptional
program (Figure 2C) and lineage-specific accessibility (Figure 2D) shows that
POMC-specific gene promoters tend to be closer to both POMC- and melano-
specific open regions (Figure 2E) and are enriched for the motif of the lineage
specifier Tpit (Figure 2F). Melanotrope genes are also close to their lineage-
specific open chromatin regions and their lineage specific chromatin landscape is
enriched for the motif of their lineage specifier Pax7 (Figure 2G-J). Similar
relationships were found for the Pit1-dependent lineages, the corticotropes and the

gonadotropes (Figure S2D-H).

Pax7 is required for phenotypical features of melanotropes

The two POMC lineages have shared and specific transcriptional programs and
open chromatin landscapes. Their most obvious similarity is expression of the
hormone precursor POMC as well as expression of the terminal differentiation
factor Tpit. However, POMC expression varies between these two lineages with
low (blue) and high expression (red) cells in scRNAseq analyses (Figure 3A).
Indeed, POMC is more highly expressed in Pax7-expressing melanotropes
compared to GR (nr3cl)-expressing corticotropes as shown in t-SNE and
differential expression Volcano plots (Figure 3A,B). Analysis of the POMC-EGFP
(Lavoie et al., 2008) transgenic pituitaries (Figure 3C) also showed high and low-

expressing cells. Indeed, IL (melanotropes) transgenic pituitary cells have much
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higher EGFP levels compared to most EGFP-positive corticotrope cells of the AL
(Figure 3D). This indicates that the transgene expressed in both melanotropes and
corticotropes is subject to cell-type specific regulation and can be used as a
surrogate phenotypical readout. In a Pax7-/- background, melanotropes express
the EGFP transgene at the same level as in AL corticotropes (Figure 3D, E).
Melanotropes are also typically larger and have a more complex organelle content
than corticotropes as assessed by forward and side scatter distributions in FACS
profiles and this is also lost in Pax7-deficient mice (Figure S3A, B). Thus, all three
melanotrope features (high POMC expression, large cell size and granularity) are
fully dependent on Pax7 and virtually all melanotropes switch to a corticotrope
phenotype in Pax7-/- mice (Figure3F). However, the proportion of total EGFP-
positive cells in AL or IL is not affected by loss of Pax7 (Figue 3G). Thus, Pax7
implements melanotrope but not the shared POMC cell identity which is under the
control of Tpit (Pulichino et al., 2003).

Pax7 and Tpit are required for opening cognate lineage-specific
enhancer landscape

We next sought to uncouple the specific roles of Pax7 and Tpit for implementation
of the shared and melanotrope-specific chromatin landscapes. To do so, we
performed ATACseq on IL cells from mice of genetic backgrounds lacking one or
both alleles of Pax7 and/or Tpit. We used Pax7 and Tpit double heterozygote
littermates as control; these show minimal differences compared to wild-type
animals (Fig S4). We found that melanotrope-specific peaks (Figure 2B) are not
accessible in Pax7-/-;Tpit+/- IL whereas they are present in wild-type or double
heterozygotes (Fig 4A) in agreement with previous data (Mayran et al., 2018) that
showed Pax7 requirement for accessibility of melanotrope regulatory modules.
Also, we found that Tpit is required for the open status of POMC-specific open
chromatin (Figure 4B). This suggests that Tpit is involved in the pioneering process
of the shared POMC lineage enhancers. For example, POMC gene expression
critically relies on Tpit and accordingly, both its promoter and enhancer
accessibility strongly depend on Tpit but not on Pax7 (Figure 4C). This is also true
for the promoter of POMC-specific gene Tnxb and the Tpit-dependent enhancer
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(Khetchoumian et al., 2018) of the Creb3I2 gene (Figure 4C). Thus, Tpit is required
for opening the shared POMC regulatory modules while Pax7 is only required for

melanotrope enhancers.

Tpit is required for Pax7-dependent chromatin opening

In order to define and compare the Pax7 and Tpit-dependent ATACseq
landscapes, we performed differential enrichment analysis (p<0.05 and fold
changes >2) and found 16024 sites altered in Tpit-/- IL (Figure 5A). Most changes
are decreased accessibility (12573 sites) and these show greater quantitative
differences compared to sites with increased accessibility (3451 sites). Analysis of
these Tpit-dependent sites revealed two subsets, one dependent and one
independent of Pax7 (Figure 5B). In both Tpit-dependent subsets, chromatin
accessibility in Pax7-/-;Tpit-/- IL is the same as in Tpit-/-. In order to ascertain the
reliability of these analyses, we performed gPCR analyses of ATAC samples at
index loci for dependence on Pax7, Tpit or both (Figure S5). Principal component
analysis using all Tpit-regulated sites shows that most of the variance between
samples (77%) is explained by component 1 (Fig 5C). Consistent with the
heatmaps of Figure 5B, wild-type and Pax7+/-;Tpit+/- cluster together while Pax7
knockout are between wild-type and Tpit knockout samples. Thus, a subset of Tpit
chromatin targets are also dependent on Pax7. We then focused on Pax7-
dependent chromatin access to assess whether co-dependency on Tpit and Pax7
is a general feature of Pax7-dependent sites. We found 7057 Pax7-dependent
sites (Fig 5D): most changes are decreased accessibility (6112 sites) and these
are greater effects compared to increased sites (945 sites). Strikingly, and unlike
Tpit-dependent accessibility, virtually all Pax7-dependent sites are also dependent
on Tpit (Figure 5E). Accordingly, principal component analysis of Pax7-dependent
sites showed that Pax7 knockout samples cluster with Tpit knockout and Pax7 on
component 1 (79% of variance). This indicates that in vivo, Tpit is absolutely
required for the establishment of the Pax7-dependent chromatin landscape. Thus

in both cases, Pax7 and Tpit double knockout samples cluster closely with the Tpit
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single knockout (Fig 5C, F) showing that loss of both factors does not have a

greater impact on accessibility than the loss of Tpit alone.

To assess the biological basis of this co-dependency, we focused on the Pcsk2
gene, encoding the PC2 protein, a hallmark of melanotrope identity. We previously
showed strong Pax7 dependency for chromatin opening of an upstream enhancer
(Budry et al., 2012) together with multiple distal elements that are ATACseq
sensitive in a lineage-specific manner. Interestingly, this melanotrope-specific
chromatin accessibility is confined within a topologically associated domain (TAD)
and stops at the border of this TAD (Figure 5G). In accordance with the role of
Pax7 for Pcsk2 expression in melanotropes, we found that this TAD-wide
chromatin opening doesn’t occur in Pax7-/- animals. Consistent with our previous
observation that Pax7-dependent access also depends on Tpit, chromatin opening
within this TAD does not take place in Tpit-/- and in Pax7-/-;Tpit-/- animals. Thus,
Tpit is required for opening of the Pcsk2 TAD. It is noteworthy that Pcsk2 is also
expressed, albeit at low levels, in gonadotropes (Figure 5H). This gonadotrope
pattern of Pcsk2 expression is also found in the Tpit-/- IL cells that have switched
fate (Budry et al., 2012); these cells occupy the dorsal side of the Tpit-/- mutant IL
(Figure 5I). In contrast, the ventral side of the same Tpit-/- IL harbors Pax7-positive
cells that fail to express Pcsk2 (Figure 51). This confirms that Pax7 functionally

requires Tpit to establish melanotrope identity.

Productive Pax7 pioneer action in Tpit-positive cells

In order to evaluate the chromatin binding properties of Pax7 and Tpit, we
compared their binding properties to those of a pituitary nonpioneer factor Pitx1
and to two pioneer factors, Neurodl that is expressed in pituitary corticotropes
(Lamolet et al., 2004; Poulin et al., 1997), and the reprogramming factor Sox2
(Okita et al., 2007). The heatmaps of ATACseq signals for all binding sites of these
five TFs in AtT20 cells reveal striking differences between the profiles of Tpit and
Pitx1, compared to those of the pioneers, Neurodl, Pax7 and Sox2 (Figure 6A).
Whereas Tpit and Pitx1 mostly (~ 95% of all sites) bind to sites that are open (ie.
have a detectable ATACseq signal), a significant proportion of the pioneer binding
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sites have little or no ATACseq; thus for Pax7 and Neurodl, ~ 30 % of binding
sites are in inaccessible chromatin whereas this is true for ~ 60% of all Sox2
binding sites. The ability to bind closed chromatin (ATAC-negative) appears to be
a common property of the three pioneer factors in contrast to the non-pioneers Tpit
and Pitx1.

In order to reveal the contribution of Tpit to chromatin pioneering by Pax7, we
compared the impact of Pax7 expression in two different pituitary cell lines, one
that expresses Tpit (AtT20) and one that does not (aT3). In agreement with
expression data, the Tpit locus exhibits ATACseq signals in AtT20 cells but not in
aT3 cells (Figure 6B) whereas the locus for the gonadotrope-specific regulator SF1

presents ATACseq signals in aT3 but not in AtT20 cells (Figure 6C).

We looked at the chromatin accessibility by ATACseq before/after Pax7
expression in both lineages and found that in AtT-20 cells, Pax7 binding leads to
opening of 6607 regions. In contrast, only 661 sites are opened following Pax7
expression in aT3 cells and this opening is of greater magnitude in AtT-20 cells
(Figure 6D). Thus, expression of Pax7 in aT3 cells does not lead to efficient
chromatin opening. We have previously identified steps of pioneering as follow:
initial weak binding to closed enhancers (less than 30 minutes), stabilization of
pioneer binding followed by chromatin opening (Mayran et al., 2018). Failure to
perform any of these three steps will impede Pax7 pioneering. To identify which
specific step limits Pax7 pioneering in aT3 cells, we compared Pax7 binding in
AtT-20 and aT3 cells (Figure S6A). Pax7 has similar ability to bind closed
heterochromatin in both AtT-20 and aT3 cells (Figure 6A and S6A,B). We extracted
all Pax7 sites bound to closed chromatin in AtT-20 and in aT3 (Fig 6e). In both
AtT-20 and aT3, there are sites with strong and low binding signals. This suggest
that Pax7 is able to bind strongly to closed chromatin in both cell context. However
in AtT-20 cells, Pax7 binding strength correlates (r>=0.41) with accessibility after
Pax7 expression whereas in aT3 cells, there is no correlation (r’=0.09) between
Pax7 binding and post-Pax7 chromatin opening (Fig 6E). We identified a subset of
heterochromatin Pax7-bound sites based on their ability for Tpit binding after Pax7
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expression; these sites are not bound by Tpit in absence of Pax7 (Figure 6F) and
become accessible in presence of Tpit and Pax7 (Figure 6G). It is noteworthy that
only these newly accessible sites contain the Tpit DNA binding motif (Figure 6H).
This suggests that Pax7-dependent Tpit binding also depends on the Tpit DNA
motif. Notwithstanding, Pax7 and Tpit interact directly in vitro as shown in pull-
down assays (Figure 6l). The interaction between the two factors may also
contribute to their cooperation. This suggests that Pax7"s ability to bind strongly to
closed chromatin is not dependent on cell specific factors and that stable binding
is not sufficient to drive chromatin opening. During melanotrope differentiation, this

pioneer-dependent chromatin opening also requires Tpit.

Discussion

Pioneer factors are coined as “factors that can open closed chromatin”. This label
implied that pioneers were expected to directly provide this ability. The present
work shows that there can be division of labor between pioneer and nonpioneer
factors: in the case of Pax7 and Tpit, the former recognizes and engages
pioneering sites and the latter provides the chromatin opening ability. Indeed, we
show that Tpit is required for chromatin opening at sites that must first be pioneered
by Pax7, and we did not find evidence for the reverse. While we envision that this
is made possible by Tpit-dependent recruitment of chromatin remodeling
machineries, the finding clearly circumscribes the unique features of the Pax7
pioneer function. Namely, the unique aspect of pioneer action is the ability to bind
DNA sites within heterochromatin that are inaccessible to probing by techniques
such as ATACseq; this appears to be a property shared with other pioneers such
as Sox2, NeuroD1 (Figure 6A) in contrast to nonpioneer factors such as Tpit or
Pitx1.

For Pax7, we have shown that this initial binding to closed heterochromatin (Figure
7A) is rapid (within 30 min, Figure 7B) and that the first detectable change in
chromatin structure at these binding sites is revealed by stabilization (within 24 h,
Figure 7C) of Pax7 binding (Mayran et al.,, 2018). This stabilization precedes
chromatin opening (revealed by ATACseq). Here, we find that strong Pax7 binding
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occurs even in absence of Tpit (ie in aT3 cells, Figure 6E): this excludes Tpit's
involvement in Pax7 stabilisation of binding. In contrast, the next step of pioneer
action, namely chromatin opening, requires Tpit as it does not occur in aT3 cells.
The recruitment of Tpit at a subset of Pax7 heterochromatin binding sites (Figure
7D) that have a Tpit DNA binding site in the vicinity (within a few hundred bp)
results in chromatin opening (Figure 7E). It would thus be the combined interaction
of Pax7 with Tpit together with the latter’s ability to bind its DNA site exposed
through the initial action of Pax7 that altogether would lead to completion of
pioneer action with Tpit bringing in the chromatin remodeling ability (Figure 7E).
With these interdependent functions, the cooperation between pioneer and
nonpioneer factors provides robust stringency and a fail-safe mechanism for

triggering chromatin opening at a very specific subset of Pax7 sites.

The requirement for DNA binding sites for both Pax7 and Tpit at the Pax7
pioneered enhancers is reminiscent of the action of other pioneers where two
different pioneers cooperate for chromatin opening. For example, the pluripotency
factors cooperate with each other to facilitate the binding of other and binding of
multiple pioneers is required at some sites to drive chromatin opening (Chronis et
al., 2017; Soufietal., 2015). Also, there is cooperation between FoxAl and GATA4
for chromatin binding (Donaghey et al., 2018). Foxal also facilitates the binding of
the estrogen receptor by opening chromatin (Hurtado et al., 2011; Laganiere et al.,
2005). Reciprocally, another study showed that steroid receptors can facilitate the
binding of Foxal (Swinstead et al., 2016). This suggest that in the case of steroid
receptors and Foxal, both can play the role of pioneer at specific subsets of their
targets. To our knowledge, the required participation of a nonpioneer for pioneer-

driven chromatin opening has not been shown so far.

Prior data indicated that pioneer binding precedes gene activation, for example the
binding of FoxA at liver targets precedes their activation (Cirillo et al., 1998). More
recently, Grainy head binding at pioneer sites was shown to determine chromatin

opening (ATAC signal) but not enhancer activity (Jacobs et al., 2018).
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The required cooperation between pioneer and nonpioneer factor for
implementation of a specific genetic program ensures specificity of action. Indeed
as Pax7 is also involved in cell fate specification in muscle and neural tissues in
addition to pituitary, its interdependent action with Tpit in the pituitary ensures that
Pax7 access to pituitary-unrelated heterochromatin sites may not result in
chromatin opening in absence of Tpit. This essential cooperation provides
robustness for lineage specification by preventing mis-activation of inappropriate
gene regulatory networks. This limitation to the capacity of pioneer factors would
allows specific combinations of pioneers and nonpioneers to activate different
regulatory networks and explain the wide variability in targets depending on the

same pioneer factor in different contexts.
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Methods

Mice, tissues, and cell culture.

Mice genotypes and strains used in this study. Foe single cell RNAseq, a 4 month
old male C57BI/6 mouse pituitary was used; cells were dissociated as described
below. For ATACseq, FACS-purified pituitary cells are isolated from 3-5 month old
adult LH-cerulean (Budry et al., 2011) or POMC EGFP (Lavoie et al., 2008)
C57BI/6 transgenic pituitaries. ATACseq was performed in duplicates for each
genotypes of Pax7 (Mansouri and Gruss, 1998) and Tpit (Pulichino et al., 2003)
knockouts. Each replicate used a pool of four dissected intermediate pituitaries
from 8-20 days old mice in mixed Balb/c and 129sv backgrounds. FACS analyses
of intermediate and anterior pituitaries used 15-20 days-old Pax7 knockout mice
harboring the POMC-EGFP transgene in a mixed 129sv and Balb/c background.
All animal experimentation was approved by the IRCM Animal Ethics Committee

in accordance with Canadian regulations.

Cell lines used in this study. AtT-20 cells (obtained from the late E. Herbert in 1981
and subsequently maintained in our laboratory, with yearly negative mycoplasma
tests) and aT3 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented  with 10%  fetal bovine serum and  antibiotics

(penicillin/streptomycin).

Generation of stable Neo, Pax7 and Sox2 expressing cells. Expression vectors
constructed in the pLNCX2 vector were described previously (Budry et al., 2012).
Retroviruses were packed using the EcoPack 2-293 cells (Clontech, Mountain
View, CA) and infections were performed as described (Budry et al., 2012).
Selection of retrovirus-infected cell populations was achieved with 400 pg/ml
Geneticin (Gibco, 11811-031). Resistant colonies were pooled to generate

retrovirus-infected populations of more than 1,000 independent colonies.
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Pituitary intermediate and anterior lobe cell dissociation

After dissection, mouse pituitary intermediate or anterior lobes were dissociated
as described (Budry et al., 2011). Briefly, dissected pituitaries were separated into
intermediate and anterior lobes and kept during the dissections in 300ul of
dissection buffer (DMEM, 10% FBS, HEPES 10mM and DNase 100 U/ml). Anterior
lobes were cut in pieces using a scalpel to facilitate tissue dissociation and
digested at 37°C using 5mg/ml Trypsin for 10 minutes. We then added 2mM EDTA
and incubated 5 minutes more. 10% FBS was then added to stop the dissociation
and samples were centrifuged and then resuspended into 150ul of PBS 1X, 0.1%
BSA, 10mM HEPES and for FACS analyses.

3’ end single cell RNAseq

Dissociated pituitary cells were diluted at 500 cells per pl and processed using
Chromium Single Cell 3' v2 Reagent (10x Genomics, Pleasanton, CA) following
the manufacturer recommendation. Briefly, cells were passed on the channel and
9269 cells were recovered. Pituitary cells were partitioned into gel beads in
emulsion for cell lysis and barcoded with oligo-dT priming and reverse transcribed.
cDNA library was amplified fragmented and size selected. Samples were
controlled at multiple steps during the procedure by running on BioAnalyzer.
Libraries were sequenced on Hiseq 4000 with 100bp paired-end reads.
Purification of pituitary lineages by FACS

Dissociated anterior pituitary cells from 62 LH-cerulean mice (Budry et al., 2011)
were sorted using FACSAria instrument (BD) and the gate used to define cerulean
positive versus negative cells were defined by first assessing auto fluorescence of
WT mice of the same strain, C57/BI6. Cerulean positive and negative cells
constituted the gonadotrope and anterior lobe (AL) samples, respectively, that
were used in this study.

FACS analyses

Dissociated anterior or intermediate pituitaries from WT or Pax7-KO mice crossed
with the POMC-EGFP transgene were analysed using the FACSCalibur cell

analyser (BD Bioscience). EGFP levels were quantified together with forward
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scatter (FSC) as an indicator of cell size and side scatter (SSC) as an indicator of
granularity for both high and low EGFP-expressing cells. Experiments were
repeated on 3 Pax7 knockout and 5 wild-type litter mates in a mixed C57/BI6 and
129sv background.

Immunohistofluorescence

Immunohistofluorescence was performed on PFA-fixed paraffin sections as
described (Bilodeau et al., 2009). Briefly, 5 days old Tpit knockout and WT
pituitaries were dissected, fixed in 4% PFA, embedded in paraffin and cut into 5
pm thick sections. The following antibodies used for immunohistofluorescence:
Pax7 (DSHB AB_528428), PC2 (a gift of Dr Nabil Seidah, IRCM, Montreal).
ATACseq

All ATACseq samples were processed as previously described (Mayran et al.,
2018). Briefly, 50 000 cells were washed in PBS and incubated on ice for 30 minute
in a hypotonic cell lysis buffer (0.1% /v sodium citrate tribasic dehydrate and 0.1%
Vlv Triton X100) and centrifuged (5 minutes at 2000g at 4°C). Cells were then
incubated 30 minutes on ice in cell lysis buffer (10mM Tris-HCI, pH7.4, 10mM
NaCl, 3mM MgClz, 0.1% Y/v IGEPAL CA-630. After centrifugation (5 minutes at
2000g at 4°C), the nuclei pellets were resuspended in transposase Master Mix
(2.25 pl 10x TD buffer, 5 pl H20 and 6.5 pl of Tn5: lllumina Nextera Kit; FC-121-
1031) and incubated for 30 minutes at 37°C. Samples were purified using the DCC
purification columns (Zymo). The eluted DNA was barcoded for multiplexing of
samples using Nextera barcodes and PCR-enriched using the Phusion Kit.
Libraries were recovered with GeneRead Purification columns. Samples were then
evaluated by gPCR to test enrichments and sequenced on lllumina Hiseq 2500
with 50bp or 125bp paired-end reads according to lllumina’s recommendation.
ChiIPseq

ChIPseq were performed as previously described (Langlais et al., 2012). At least
3 immuno-precipitations were pooled per ChIP experiments. Library and flow cells
were prepared by the IRCM Molecular Biology Core Facility according to lllumina’s

recommendations and sequenced on lllumina Hiseq 2500. The following
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antibodies were used for ChiPseq: FlagM2 (Sigma F3165), Neurodl (Poulin et al.,
2000), Sox2 (Ab59776, Abcam).

Pull-down assay

MBP fusion proteins coupled to maltose amylose beads were produced as
described (Bilodeau et al., 2006). 3°S labeled proteins were synthesized in vitro
using the TNT T7 Quick for PCR DNA kit (Promega, L5540). Labeled proteins were
incubated with MBP-tagged proteins in TNENso (50mM Tris pH7.5, 5mM EDTA,
50mM Nacl, 0.1% NP-40) with 1mM PMSF and 2% BSA for 4 hours at 4°C. Beads
were washed three times with 1ml TNEN12s. Bound proteins were resolved by

SDS-Page and visualized by autoradiography.

Data Analyses

Single Cell RNAseq analyses. Using Cell Ranger v2.1.1 (10X Genomics), reads
were aligned on the mm10 mouse reference genome using the default parameters
of Cell Ranger to generate unique molecular identifier counts for each genes
across the 9269 cells that were profiled. We obtained an average of 25220 reads
per cell and we detected 1807 median genes per cell. Using the Cell Ranger
pipeline with default parameters, we generated a gene-barcode matrix, principal
component analysis and dimensionality reduction using the t-SNE algorithm.
Unbiased clustering of single cells was performed using Cell Ranger which
combines K-means clustering and graph-based clustering uncovering 12 clusters.
We used Loupe Cell Browser (10X Genomics) to visualize the t-SNE plot with
colored cell according to their assigned cluster or colored by gene UMI. Loupe Cell
Browser was also used to perform local differential expression analyses of clusters
1, 2, 4, 5, 7, 8. Cluster corresponds to 4 islands of cells that each express a
different hormone gene, Gh, Prolactin, Lh and POMC. Differential analysis of the
four sub-clusters against their matching hormone-expressing cell cluster showed
that mitochondrial RNAs are down-regulated in each case and this is an indicator
of low quality cells (llicic et al., 2016). Thus to avoid confounding effects, cluster 3

was not included in all further analyses.
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ATACseq. Reads were trimmed, if required, to obtain a read length of 50bp and
aligned to the mm10 mouse reference genome using Bowtie v2.3.1 (Langmead et
al., 2009) with the following parameters: --fr --no-mixed --no-unal. Sam files were
converted into tag directories using HOMER v4.9.1 (Heinz et al., 2010) and into
bam files using Samtools v1.4.1 (Li et al., 2009) view function. Tag directories were
used to generate the normalized BigWig files with Homer using the command
makeUCSCfile with the parameters: -fsize 1e20 -res 5 -fragLength 100. Peaks
were identified by comparing each sample replicate to sequenced input DNA from
pituitary using MACS v2.1.1.20160309 (Zhang et al., 2008) callpeak function using
the parameters: -f BAMPE --bw 250 -g mm --mfold 10 30 -p 1le-5. Peaks with an
associated pvalue less than 10 were kept. First we compared ATACseq profiles
of purified pituitary cells: melanotrope (2 replicates), corticotropes (2 replicates)
gonadotropes (1 replicate) and whole AL (1 replicate). Peaks from all datasets from
purified pituitary cells were merge using HOMER v4.9.1 mergePeaks tool to obtain
a file with all unique positions from the ATACseq datasets. This list was clustered
by k-means in 2 clusters for each samples giving the 16 combinations of ATAC
clustering as represented in a heatmap in Figure 2B. Peaks from all datasets from
the various genotypes of Pax7 and Tpit knockout ILs were merged together using
HOMER v4.9.1 mergePeaks tool to obtain a file with all unique IL positions from
all ATACseq datasets. ATACseq signals were quantified in these different datasets
using the analyzeRepeats.pl HOMER command and differential accessibility
analyses was performed using getDiffExpression.pl with default parameters which
uses Deseq2. Peaks showing a differential p-value less than 0.05 and a fold
change of 2 fold or more were considered differentially accessible.

ChiPseq. We mapped ChlPseq reads on the mouse genome assembly mm10 by
using Bowtie v1.1.2 with the following settings: bowtie -t -p 4 --trim5 1 --best mm10
—S. Sam files were converted into tag directories using HOMER v4.9.1 and into
bam files using Samtools v1.4.1 view function. Peaks were identified by comparing
each sample to its control (IP Flag for Pax7, IP IgG for others) using MACS
v2.1.1.20160309 callpeak function using the parameters: --bw 250 -g mm --mfold

10 30 -p 1e-5. Peaks with an associated p value less than 10 were kept.
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Data presentation. Heatmaps and average profiles were generated using Easeq
(Lerdrup et al., 2016), We used IGV (Thorvaldsdottir et al., 2013) to visualize the
BigWig files on the genome. Principal component analysis , clustered Heatmap
associated with dendrograms from Figures 1D,5C,F were generated using
ClustVis (Metsalu and Vilo, 2015).
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Figure 1. Transcriptional complexity of the pituitary adult gland
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Figure 1. Transcriptional complexity of the pituitary adult gland

A. t-SNE map (t-distributed stochastic neighbor embedding) plot of the 9269
profiled pituitary cells colored by the 12 clusters identified using
unsupervised k-means clustering. Cluster identification included expression
of the hallmarks gene(s) indicated between parenthesis and the markers
shown in Figure 1C.

B. t-SNE map showing color-coded Pitx1 expression.

C. t-SNE map showing color-coded expression of indicated markers for the
major pituitary lineages.

D. Heatmap showing normalized expression of the 1000 most differentially
expressed genes (p value<0.05, FC>2 and minimum number of UMI >0.3)
in clusters representing the different endocrine and progenitor cells (cluster
1,2,4,5,7,8). Rows are centered; unit variance scaling is applied to rows.
Both rows and columns are clustered using correlation distance and

average linkage.
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Figure 2. Lineage-specific chromatin access reveals lineage regulators

A.

Genome browser view (IGV) of ATACseq profiles at genes marking pituitary
lineages: shared POMC markers (green), melanotrope (red) or
gonadotrope (orange). The SF1 promoter is indicated by an arrow.
Heatmaps showing ATACseq signals (RPKM) across the different pituitary
lineages in a 4kb window around the ATACseq peak center indicated by an
arrow. Colored boxes indicate peaks specifically enriched in the indicated
lineage.

Boxplot showing expression (UMI) of gene markers of the POMC lineages
across the different lineages. Center lines show medians; box limits indicate
the twenty-fifth and seventy-fifth percentiles; whiskers extend to 1.5 times

the interquartile range from the twenty-fifth to seventy-fifth percentiles.

. Average profiles of ATACseq signals at POMC-specific ATACseq peaks.

Box-plot of distances between the TSS of POMC-specific genes and the
closest ATACseq peak in POMC, melanotropes and gonadotrope cells. Box
plot features as in C.

Motif enriched (assessed by HOMER) under POMC-specific ATACseq

peaks and not found in other subsets.

. Box-plot showing expression (UMI) of melanotrope gene markers across

the different lineages. Box plot features as in C.

. Average profiles of ATACseq signals at melanotrope specific ATACseq

peaks.

Box-plot of distances between the TSS of melanotrope-specific genes and
the closest ATACseq peak in POMC, melanotrope and gonadotrope cells.
Box plot features as in C.

Motif enriched (assessed by HOMER) under melanotrope specific

ATACseq peaks and not found in other subsets.
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Figure 3. Pax7 implements melanotrope features onto a shared POMC cell

identity

A.

t-SNE map of adult pituitary cells colored for expression of the POMC
lineage regulator Tpit (Tbx19). Enlarged panels showing two clusters of
POMC cells with high and low POMC levels, melanotropes expressing Pax7
and corticotropes expressing GR.

Volcano plot showing differential transcription factor gene expression (p
value vs log2 FC) between the high versus low POMC expressing cells. GR
and Pax7 are highlighted.

Experimental scheme to assess Pax7 dependence of melanotrope
phenotypical features. Transgenic mice expressing POMC-EGFP were
crossed into Pax7-/- mice and compared to WT. The two pituitary lobes
were dissected for each genotype and analyzed by FACS.

Representative FACS profiles showing cell populations with different
POMC-EGFP transgene levels in intermediate (IL) and anterior lobes (AL)
of WT (n=5) and Pax7 KO (n=3) pituitaries.

Bar graph showing ratios of EGFP signals in WT IL, Pax7 KO AL, Pax7 KO
IL compared to WT AL. The analyses included 5 WT and 3 Pax7 KO
replicates. P values were computed using unpaired two-sided t-test.

Bar graph showing the proportion of high versus low EGFP expressing cells
based on fluorescence signals detected by FACS. P values were computed

using unpaired two-sided t-test.

. Bar graph showing the proportion of EGFP expressing and non-expressing

cells based on fluorescence signals detected by FACS. P values were

computed using unpaired two-sided t-test.
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Figure 4. Pax7 and Tpit are required for opening cognate enhancer

landscapes

A. Read density heatmaps showing ATACseq signals (RPKM) across the
different pituitary lineages in a 4kb window centered at melanotrope specific
ATAC peaks (left panel). Right panel shows corresponding ATACseq
heatmaps in the ILs of WT, Pax7*-;Tpit*- (labeled Pax7+-) and Pax7--;Tpit*-
(labeled Pax77) mice.

B. Read density heatmaps showing ATACseq signals (RPKM) across the
different pituitary lineages in a 4kb window centered at POMC-specific
ATAC peaks (left panel). Right panel shows corresponding ATACseq
heatmaps in the intermediate lobe of WT, Pax7+-;Tpit"- (labeled Pax7+")
and Pax7-;Tpit* (labeled Pax7”-) mice.

C. Genome browser view (IGV) of ATACseq profiles at POMC-specific
ATACseq peaks in the different pituitary lineages and in ILs of Pax7*-;Tpit*-
, Pax7-;Tpit*-and Pax7*-;Tpit’ mice.
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Figure 5. Pax7 dependent chromatin landscape requires Tpit.

A.

Dispersion plot showing average ATACseq rlog values (assessed by
Deseg2) over the log2 fold changes of Tpit heterozygote versus Tpit
knockout IL at all accessible regions. Differentially accessible regions (p-
value <0.05 and log2 FC > +/- 1 as computed by Deseq?2) are shown as red
circles.

Read density heatmaps showing ATACseq signals at Tpit-dependent
chromatin opening (log2 FC<-2) in the indicated mouse genotypes.
Principal component analysis of the ATAC signals at all 16024 Tpit
regulated chromatin opening across the tested genotypes.

Dispersion plot showing average ATACseq rlog values (assessed by
Deseg2) over the log2 fold changes of Pax7 heterozygote versus Pax7
knockout IL at all accessible regions. Differentially accessible regions (p
value <0.05 and log2 FC > +/- 1 as computed by Deseg?2) are shown as red

circles.

. Read density heatmap showing ATACseq signals at Pax7-dependent

chromatin opening (log2 FC<-2) in the indicated mouse genotypes.
Principal component analysis of the ATAC signals at all 7058 Pax7

regulated chromatin opening across the tested genotypes.

. Hi-C interaction map (top) from mouse ES cells (Bonev et al., 2017) around

the Pcsk2 locus showing the boundaries of the Pcsk2 TAD. Genome
browser views (bottom) of the ATACseq profiles in purified pituitary cells

and ILs of the indicated genotypes at the corresponding genome location.

. t-SNE map colored for single cell Pcsk2 expression showing no Pcsk2

expression in corticotropes, highest expression in melanotropes and weak
expression in gonadotropes.

Co-staining immunofluorescence for Pax7 (red) and PC2 (green) of Tpit
heterozygote and Tpit knockout pituitaries from 5 days postnatal mice.
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Figure 6. Pax7 binding on closed chromatin is only productive in Tpit-

expressing cells.

A. Read density heatmaps of ATACseq signal density in a 4kb window
centered on binding sites for the indicated factors. The heatmaps are
ranked by their decreasing ATACseq central (200bp) read densities.

B,C. Genome browser views of ATACseq profiles in AtT-20 and aT3-cells at
the Tpit (B) and SF1 (C) loci.

D. Dispersion plots of central (200 bp) ATACseq read densities in Neo (x-axis)
versus Pax7 (y-axis) expressing AtT-20 (left) and aT3 cells (right) at all Pax7
binding sites in the indicated cell lines. Colored dots represent sites with
significantly stronger signals after Pax7 expression.

E. Dispersion plots of ATACseq read densities in Pax7-expressing cells (x-
axis) over Pax7 ChlIPseq read densities (y-axis) in AtT-20 (left) and aT3
cells (right) at Pax7 binding sites with no ATACseq signal before Pax7

expression.

F,G. Boxplots of Tpit ChiPseq (F) and ATACseq (G) read densities in Neo and
Pax7 expressing AtT-20 cells at Pax7 sites no ATACseq signal before Pax7
expression subdivided into Tpit-bound (>1 RPKM in Pax7 expressing cells,
blue) and not bound by Tpit (<1 RPKM in Pax7 expressing cells, grey).
Center lines show medians; box limits indicate the twenty-fifth and seventy-
fifth percentiles; whiskers extend to 1.5 times the interquartile range from

the twenty-fifth to seventy-fifth percentiles.

H. Tpit motif density at Pax7 sites no ATACseq signal before Pax7 expression
subdivided into Tpit-bound (>1 RPKM in Pax7 expressing cells, blue) and
not bound by Tpit (<1 RPKM in Pax7 expressing cells, grey).

I.  Pull-down assay of in vitro translated Tpit interaction with MBP-Pax7 but not
with MBP-BGal.
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Figure 7. Stepwise model of pioneer and nonpioneer cooperation for

chromatin opening.

A. Inactive nucleosomal heterochromatin with binding sites for Pax7 (red) and
Tpit (blue).

B. Weak binding of pioneer factor Pax7 to heterochromatin site.

C. Stabilized Pax7 binding with altered heterochromatin.

D. Recruitment of nonpioneer Tpit through interaction with Pax7 and its DNA
binding site.

E. Accessible chromatin with both factors bound at enhancer.
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Supplementary Figures
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Figure S1. Validation of single cell RNAseq data.
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Figure S1. Validation of single cell RNAseq data.

(A) Bioanalyzer profile showing size distribution of cDNAs from dissected

pituitary cells.

(B) Single cell RNAseq plot showing barcode numbers (x-axis) over the
number of UMI per barcode (y-axis). The threshold (colored) used for
selecting the 9269 cells analysed.

(C) t-SNE map showing color-coded expression of hormone genes Gh, Lhb,

POMC, Prl and Tshb.
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Figure S2. Chromatin landscapes in other pituitary lineages.

(A-C) Genome browser views (IGV) of ATACseq profiles from the indicated
pituitary lineages at genes marking the identity of somatotropes (A),
lactotropes (B) and both (C).

(D) Read density heatmaps showing ATACseq signals at sites of accessibility
common to all four pituitary lineages clustered by ATACseq signals in
mouse embryonic stem cells (GSE64058).

(E) Genomic distribution of the distances between the indicated category of

ATACseq peaks and the closest TSS.

(F) Average profiles of ATACseq signals for the four indicated lineages at
cortico-(blue), anterior lobe (purple) and gonado- (orange) specific
ATACseq sites.

(G) Motif enrichments (assessed by HOMER) under the indicated category of
ATACse(q peaks.

187



Ratio FSC over WT AL

Cell count

Cell count

>

Cell count

.

Cell count

,

0.5

0.0 4

FSC

SSC

;

FSC (A.U.]:

1 64 128 192 256

Cell count

-

1

64 124 192 256
SSC(AU)

1 64 128 192 256

Cell count

b

1

64 128 192 256
SSC(AU.)

FSC(A U]

Cell count

2

v 1m

1 64 128 192 256

FSC (AU}

1

64 128 192 256
SSC(AU.)

Cell count

4

1 64 128 192 256

FSC (AU

P=0.0002
| P=0.0002 P=0.38

o 4O
\x(\v\_;k- RS

Ratio SSC over WT AL

1

64 128 192 256
SSC(AU)

1 P=0.032 P=0.92

P=0.0059

T 1m

--LXed

v .-LXxed

Figure S3. FACS analyses of wild-type (WT) and Pax7-/- POMC-EGFP

pituitary cells.

(A) Representative FACS profiles showing forward (left) and side (right)

scatter for cells from wild type and Pax7--IL and AL.

(B) Bar graphs showing the ratios of forward (right) and side (right) scatter for

EGFP positive cells from wild type (n=5) and Pax7--(n=3) IL and AL.
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Figure S5. Q-PCR validation of Pax7 and/or Tpit-dependent accessibility

(ATACseq).

(A-C) Genome browser views (IGV) of ATACseq profiles from the indicated

genotypes at unaffected (A), Tpit-only dependent (B) and Pax7 dependent

(C) sites. Regions amplified in the gPCR measurements of Figure S5D-F

are highlighted in yellow.

(D-F) Relative enrichments over a negative region, measured by qPCR of

ATACseq libraries at unaffected (D), Tpit-only dependent (E) and Pax7

dependent (F) sites.
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Figure S6. Comparison of Pax7 ChlPseq data in AtT-20 and aT3 cells.

Average profiles of Pax7 ChlPseq in AtT-20 (blue) and aT3 (orange) cells

at the best 2000 Pax7 peaks from each lineage showing similar
enrichments in both ChlPseqgs.
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Chapter IV: Discussion
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1. Transcriptional and chromatin landscape diversity within the
pituitary.

The pituitary has been an unending source of discoveries from physiology or
endocrinology to developmental biology and more recently epigenetics. Traditional
genetic analyses and molecular biology approaches led to the discovery of Pitx
and Tpit as critical regulator of pituitary differentiation and POMC transcription [44,
46, 75]. The advent of the genomic era, lead us to move from single gene
candidate approaches to unbiased whole genome analyses. Micro-array or
RNAseq analyses identified several regulators involved in pituitary development.
For example, these have led to the discovery of ETV1 as a regulator of POMC
transcription [76], Pax7 as the selector gene for melanotrope identity [45]. These
approaches also identified the role of Tpit as a driver of secretory and translation
pathways that transform fetal differentiated cells into hormone-producing factories
[77]. However, the anterior pituitary is a heterogeneous tissue; it is composed of
five hormone-expressing lineages as well as a stem cell niche and various non-
endocrine cells. This makes it challenging to perform biochemical assessments of
the cell-specific consequences of disturbed pituitary function and development.
Investigating the cell-specific transcription program of the pituitary, relied on the
use of transgenic animal expressing a reporter engineered with cell-specific

expression.

Studying rare lineages that lack well-defined markers is technically challenging.
For example, the posterior lobe is composed of the axonal projection of
hypothalamic neurons as well as poorly defined pituicytes. In chapter Ill, we
presented a single cell RNAseq (scRNAseq) analysis performed on an adult male
mouse pituitary. This revealed a cluster of posterior pituicytes and showed its
associated transcriptome (Chapter l1ll, Fig. 1a). The identification of this
transcriptome unexpectedly helped us better define the scope of Pax7
dependence for the melanotrope lineage. Indeed, we had previously shown that
Pax7 is required for the expression of the melanotrope gene program in
intermediate lobe cells [45]. Yet, some genes (e.g. Fndc3cl, Gldc, Gpr50) that
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were identified by micro-array analysis as melanotrope specific were not mis-
regulated in Pax7 knockout mice. This suggested that Pax7 is not the only
determinant of the melanotrope fate. We now know that, these genes are not
expressed in melanotropes (Appendix 1) but in pituicytes of the posterior lobe
which probably contaminated the melanotropes during FACS-sorting of

intermediate lobe cells.

Another long-standing question on pituitary development and renewal concerns
the pituitary stem cell niche. This niche is characterized by expression of the
transcription factor Sox2 as well as Sox9 and it was shown that these cells
participate in the renewal of the adult pituitary cells [78, 79]. We do not know what
triggers the exit from a stem cell state and the entry towards differentiation. The
transition between stem cell and hormone expressing differentiation is likely
occurring in a short time period and this limits our ability to study this process.
Using scRNAseq, we were able to define a very rich transcriptome of pituitary stem
cells and numerous stem cell markers are not expressed in differentiated cells
(Chapter lll, Fig. 1a, b). Interestingly, a subset of stem cells express endocrine cell
genes (Appendix 2a, b). Sub-clustering of the stem cell population in these two
categories: hormone-expressing and non-hormone expressing cells (Appendix 2c¢)
showed that most of the stem cell program is still expressed while gene associated
with differentiated endocrine cells are turned on (Appendix 2d). This suggest that
the differentiation program is turned on before the cell leave the stem cell state
and possibly gene associated with stem cell identity are only turned off once the
new identity is fully established. However, we did not find differentiating-stem cells
that express multiple hormones. This indicates that each of these cells may already
be specified toward one endocrine lineage identity. Finally, principal component
analyses support the interpretation that these cells may be transitioning towards
differentiation (appendix 2e). Further analyses of these transitioning cells should
give us insights into the molecular mechanisms underlying the exit from the stem
cell state towards differentiation. So far, we only exploited these datasets to define
the transcriptomes of the different pituitary lineages. This is already useful for many

purposes; for example, the identification of surface markers of each lineage allows
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easy purification by FACS for future studies. Clearly, a lot more information
remains to be extracted from this experiment. This short discussion illustrates how
age-old questions become amenable to novel insights when new technologies are

applied to complex biological systems.

2. Chromatin landscape of pituitary differentiation

In the beginning of the work presented here, the chromatin landscape of pituitary
cells was unknown. Indeed, the small size and limited materials available from the
pituitary made it challenging to perform experiments such as chromatin
immunoprecipitations on normal cells. Thus, tissue like the pituitary could not have
been investigated in large-scale project such as, ENCODE. However, new
techniques such as Assay for Transposase of Accessible Chromatin followed by
high throughput sequencing (ATACseq) now provides a shapshot of the
epigenome using very few cells. Chapter Il and 1ll used ATACseq on FACS-
purified pituitary cells to define the open chromatin landscape in different lineages:
corticotrope and melanotrope in chapter Il and gonadotrope and anterior lobe
(mostly somatotropes and lactotropes) in chapter Ill. This defined differentially
accessible regions (DARs) for each cell type. The DNA motifs found under each
DARs revealed lineage regulators without prior knowledge. For instance, and as
validation, in Chapter Ill, we identified the DNA motif for binding of SF1, the
transcription factor required for gonadotrope identity [70, 71], under gonadotropes
DARs. Under regions of open chromatin specific to the anterior lobe, we found the
motif of Pit1 that is required for the differentiation of both somatotropes, lactotropes
and thyrotropes [58]. This suggests that SF1 and Pitl could participate in a pioneer
factor paradigm during lineage specification towards their cognate lineages. This
database of open chromatin regions is also useful to predict enhancers that may
be active in one or another lineage. This would be particularly useful to generate
reporter mice for the different lineages.

Comparisons of the open chromatin landscapes of corticotropes and melanotropes
cells in chapter Il [80] revealed that the melanotrope-specific enhancer repertoire

is five times greater than the number of regions with corticotrope-specific
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accessibility. However, the transcriptional programs of each of these two cells is
equally rich, with 243 corticotrope-enriched and 261 melanotrope-enriched genes.
This suggest that the corticotropes chromatin landscape may be a default
configuration on top of which Pax7 deploys an enhancer repertoire driving
melanotrope specification. Yet, it is still not understood how Pax7 exerts the
observed extinction of the corticotrope program. In Chapter Ill, we investigated the
consequences of Tpit loss on the chromatin landscape of POMC cells.
Interestingly, we found that regions of chromatin accessibility shared between the
two POMC lineages requires Tpit. These regions are near genes shared by the
two lineages as well as genes specific to corticotropes (data not shown). This
suggests that the corticotrope-specific program requires Tpit and has an open
chromatin landscape in both corticotropes and melanotropes but that an unclear
mechanism modulates gene expression. One possible scenario may be that
corticotrope-specific transcription factors act on these previously established
enhancers. Several transcription factors are only active in corticotropes for
example the glucocorticoid receptor (GR) expression is only repressed in
melanotropes and thus specific to corticotropes. Accordingly, several known GR
targets are specifically expressed in corticotropes (Fkbp5, Rasdl) [81, 82]. This
suggest that GR is a good candidate as regulator of a portion of the cortico-specific

gene expression program.

3.  Mechanism of pioneer-driven chromatin opening

Pioneer transcription factors are critical to drive lineage transitions. The paradigm
of pioneer action relies on the ability to access closed chromatin and trigger
chromatin opening to allow the binding of classical transcription factors. Many
pioneer factors have been characterized by their ability to directly bind
nucleosomes [83]. Although these analyses rely on biochemical experiments that
may somewhat differ from the situation inside a nucleus, they likely reflect a unique
ability of pioneer factors that is not shared by other transcription factors. The work
presented here illustrates the unique properties of the pioneer factor Pax7 and

allowed identification of multiple steps of pioneer-driven chromatin opening [80].
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We found that regions opened by Pax7 acquire bona fide histone modifications
found at active enhancers. Pax7 pioneer targets gain the H3K4mel mark and this
is associated with the recruitment of Ash2, a protein of the MLL (Trithorax) complex
that is responsible for deposition of this mark (Chapter Il Fig. 3). However, some
sites resist Pax7-driven chromatin opening and histone modification deposition
(Chapter Il Fig. 4). These resistant sites are marked by higher levels of histone 3
lysine 9 trimethyl (H3K9me3) but have similar levels of H3K9me2 compared to
pioneered enhancers. Interestingly, these sites are still bound by Pax7, which
suggests that H3K9me3 does not impair Pax7 binding. On the other hand,
H3K9me2 is similarly high in pioneer and resistant targets. This may reflect that
H3K9me2 and H3K9me3 underlie two distinct (hetero)chromatin environments,
one where Pax7 drives chromatin remodeling and one where it does not. Thus, the

chromatin environment may be important to define the scope of pioneer factors.

Our analyses of the different steps of Pax7-driven pioneering provide several clues
on mechanisms that impose limits to Pax7 remodeling (Chapter Il Fig. 5). Indeed,
Pax7 binding to closed chromatin (both resistant and sensitive to remodeling) is
rapid (less than 30 minutes) but initially weak. After 24 hours, Pax7 binding to
pioneered sites is stabilized but this does not occur at resistant sites. The initial
binding of Pax7 in the first 30 minutes following activation suggests that Pax7 is
very efficient at “scanning” closed chromatin. In resistant sites, Pax7 fails to
stabilize and chromatin opening does not occur. This showed that Pax7 initial
binding is not sufficient to drive the remaining of the pioneer process, as the
stabilization of Pax7 seems to be required. This probably reflects the fact that Pax7
stabilization requires some unknown change to chromatin structure. One
possibility is that di- or tri-methylation of histone H3 directly prevents Pax7
stabilization and that loss of this mark is required for Pax7 stabilization. Indeed, at
pioneered sites, H3K9me2 is lost after Pax7 remodeling; however, H3K9me3
remains at resistant sites. H3K9me2 may thus limit Pax7 stabilization until it is
removed by an unknown mechanism in the first 24 hours, thus allowing Pax7
stabilization. However, at resistant sites, Pax7 being unable to trigger the removal

of H3K9me3, these sites resist Pax7 remodeling. Another explanation could be
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that proteins associated with the two different chromatin environments (H3K9me2
and H3K9me3) may also limit Pax7 ability to stabilize on its targets. For example,
it was recently shown that the HP1a protein, which is associated with H3K9me3
and constitutive heterochromatin, drives phase separation of bound DNA [84].
Pax7 is still able to access resistant sites, it is thus unlikely that Pax7 binding is
hindered by these phase separated droplets; however, it is possible that phase
separation segregates some Pax7 partners outside of its reach preventing Pax7
stabilization and the following chromatin remodeling step.

In addition, we showed that Pax7 pioneering leads to loss of DNA methylation and
this is associated with the implementation of a long term epigenetic memory
assessed by chromatin accessibility and transcription factor binding for more than
20 days after Pax7 withdrawal. We propose that this reprogramming stability relies
on the loss of DNA methylation observed in Pax7-expressing cells. Indeed as
mentioned in the introduction, DNA methylation is one of the most stable
epigenetic mark as it is present on the DNA itself and maintained during replication.
The ability of Pax7 to remodel the chromatin at methylated DNA target sites is
already uncommon, but its ability to drive loss of DNA methylation is particularly
interesting. There are two known mechanisms of DNA demethylation, the first one
is active and mediated by the Tet enzymes, while the second one may be passive
through inhibition of DNA methylation maintenance during replication, which would
dilute DNA methylation at each round of replication. Given the slow timescale of
Pax7 chromatin opening (more than three days), loss of CpG methylation likely
follows the same kinetics. It is thus unlikely that Tet-mediated de-methylation
occurs at Pax7 sites as these rely on direct enzymatic modifications of the ™¢CpG
and as such, we may expect Tet-dependent loss of CpG methylation to be
somewhat rapid. Thus, Pax7-driven loss of CpG methylation may arise from a
failure to maintain CpG methylation during replication. Interestingly when we
purified Pax7-associated partners through RIME [85], (data not shown), two strong
Pax7-interacting partners are DNMT1 as well as its regulator protein UHRF1[86].
This suggests that Pax7, DNMT1 and UHRFL1 can interact and further supports the
hypothesis of a passive mode of Pax7-driven loss of CpG methylation.
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In chapter Ill, we show that in vivo, Tpit is required for Pax7-driven chromatin
opening but not for Pax7 binding to closed chromatin This demonstrates that
during pioneer factor action, a non-pioneer factor may not be as passive as
previously thought. Indeed, Tpit is unable to bind closed chromatin in the absence
of Pax7 action, thus Tpit is not a pioneer factor. In the absence of Tpit expression,
Pax7 can still strongly bind to closed chromatin. This suggests that Tpit is either
required for the step of chromatin opening or for a currently unknown step
occurring before chromatin opening but after Pax7 binding stabilization.
Purification of Tpit-interacting partners through RIME experiments identified
several ATP-dependent nucleosome remodelers of the SWI-SNF family of proteins
as partners of Tpit (data not shown). This argues for a direct role of Tpit and its
interacting partners during the chromatin opening step. In future work, it will be
crucial to assess the precise role of Tpit, its interactors and the dynamics of their
recruitments following Pax7 activation. Also, stable Pax7 expression in
combination with an inducible Tpit may be a useful tool to uncover the dynamics
of Tpit function for chromatin remodeling during Pax7 pioneering.

Inherently, pioneer factors represent a risk that could potentially initiate disease
conditions. Indeed as factors that can target closed chromatin, mis-expression of
a pioneer factor may lead to long-term activation of inappropriate regulatory
networks. And indeed, pioneer factors are frequently mutated or over-expressed
in cancers [87]. However, there are several limits to pioneer factor capabilities. We
already discussed above the possible role of the histone modification H3K9me3
for limiting Pax7 capabilities. This may prevent the activation of the Pax7-
dependent myogenic targets in the pituitary. In another system, H3K9me3 was
found to prevent the binding of the pioneer factors Oct4, Sox2 and Klf4 [88]
suggesting that this mark may limit pioneer factor competence through several
mechanisms. Another strategy may consist in preventing pioneer mis-expression.
This can be achieved through promoter occlusion in lineages where they are not
supposed to be expressed. As shown in chapter Il and chapter lIll, cell specific
accessibility occurs mostly at enhancers while promoter sequences tend to be

ubiquitously accessible. Yet, gene encoding lineage regulators such as Pax7, Tpit,
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SF1 or Pitl each have lineage-specific promoter accessibility i.e. their promoters
are occluded in the non-relevant lineages. Finally, another strategy was identified
in chapter Il and discussed above; it consists in a separation of tasks and requisite
cooperation between a pioneer that targets closed chromatin, Pax7, and a
nonpioneer, Tpit, that provides opening of the chromatin. In the context of
development, this can have several advantages; it provides robustness to the
system by requiring co-expression of two or more factors in order to activate
certain programs/genes. In addition, this can provide a way to control the timing of
activation of different subsets of targets through the expression of different
cooperating factors at different times. Understanding the limits and capabilities of
transcription factors to drive cell fate transitions is critical for control of these

processes.

200



4. General conclusion

In summary, the work presented in chapter Il and chapter Il define the diversity of
transcriptional, and chromatin landscapes of the pituitary. This is a resource for the
identification of lineage specific regulatory elements, to identify cell fate markers,

lineage transition or cell type heterogeneity.

In chapter II, we dissected the molecular mechanism of pioneer-driven chromatin
opening by Pax7 and identified key steps in this process, which were unknown
before this work. Namely, we uncovered that pioneer factor binding occurs very
rapidly in the first 30 minutes; in the following 24 hours, pioneer binding is stabilized
and progressive chromatin opening spans over more than three days. We also
showed that Pax7 action leads to the loss of DNA methylation and this is strikingly
associated with the implementation of a long-term epigenetic memory that lasts

numerous cell divisions.

Finally, in chapter Ill, we provide evidence that a key property of pioneer factor
action had been incorrectly assumed. The assumption being that nonpioneer
factors are binding to region previously opened by pioneer factor. Here we show
that pioneer-driven chromatin remodeling may be a cooperative process between
a pioneer Pax7 and a non-pioneer factor Tpit. This restricts the core property of a
pioneer factor such as Pax7 as the ability to target closed chromatin and the
immediate local change in chromatin structure. In contrast, chromatin opening may
constitute a separate task that requires a cooperation between a pioneer like Pax7

with a nonpioneer factor such as Tpit.
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Appendix

Pax7

Gldc

i Fndc3c1

Gpr50

Appendix 1: Gldc, Fndc3cl and Gpr50 are not expressed in melanotropes.

t-SNE map showing the expression of the indicated genes from scRNAseq
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Appendix 2: Pituitary stem cells transitioning towards differentiation from

scRNAseq.

(a) t-SNE map showing the expression of Sox2 in the stem cell population
(b) t-SNE map showing the expression of POMC, GH Prl in a subset of the stem cell

population

(c) Subclustering of the stem cell population into hormone expressing (red) and non-
hormone expressing (blue)
(d) Volcano plot showing differential gene expression (Log2FC) over pvalue in the
hormone-expressing versus the non-hormone expressing pituitary stem cell

niche

(e) 3D principal component analysis showing component 1, 2 and 5 for the

differentiated hormone expressing cell in blue and yellow while the stem cell
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population is in green and the stem cell population that express hormones is in
red

Appendix 3: The pentadactyl state relies on a pioneer
activity of the HOXA13 and HOXD13 transcription

factors (Desanlis et al.)
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ABSTRACT

Pioneer factors are transcription factors that are able to recognize their
target sites even when concealed in “closed” chromatin, eventually eliciting
the switch to an accessible chromatin state, permissive to other
transcription factors (TFs) and the transcriptional machinery®?. As such,
pioneer factors play a key role in switching cell fate. Here, we provide
evidence that HOXA13 and HOXD13 (HOX13 hereafter), two transcription
factors of the Hox family of developmental genes, act as pioneer factors in
the developing limb. We show that Hox13 function is mandatory for
switching a series of target loci to an accessible chromatin state, allowing
the binding of other transcription factors. These target loci include an
enhancer previously identified as essential for the pentadactyl state,
providing evidence that the pioneer activity of HOX13 is key for digit
patterning. Based on the data reported here and previous studies®?, we
propose that during the fin-to-limb transition, the implementation of digit-
specific enhancer elements required an ancestral pioneer function of the
HOX13 TFs.
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MAIN TEXT

The Hox family of developmental genes, which encode transcription factors
(TFs), have pivotal roles in organogenesis and patterning. Their differential
expression along the main body axis establishes positional information that
instructs cells about their fate, ultimately generating morphological diversity®’.
How the various HOX TFs activate distinct genetic programs has thus become of
major interest, notably because diverse mutations as well as improper expression
are often associated with severe morphological defects. Moreover, increasing
evidence suggest that changes in Hox regulation contributed to morphological
adaptation/diversity during evolution. Intriguingly, the various HOX TFs appear to
have similar DNA-binding properties®. Several studies uncovered the relevance of
co-factors, notably the PBX/Exd family of TFs, in increasing DNA-binding
specificity. Yet, analyses based on primary mesenchymal limb bud cells
transfected with the subset of Hox proteins known for their patterning function in
developing limbs, revealed that these TFs cluster into only two subgroups based
on their genome-wide binding®. Strikingly, one of the two subgroups is composed
of HOXA11, HOXD11 and HOXD13 despite the fact that HOXA11/HOXD11 are
required for the zeugopod (forearm) developmental program!® and HOXD13,
together with HOXA13, is mandatory for digit development!! (Fig. 1a). This finding
could explain how Hoxall is able to trigger the formation of extra-digits when
ectopically expressed in distal limb3. In turn, it raises the possibility that Hoxall
functional specificity varies depending on the environmental context, i.e. whether
its expression is restricted to the presumptive zeugopod (as in wild type embryos)
or ectopically located in distal limbs. Yet, in absence of Hox13 function (Hoxal3-/-
;Hoxd13-/-), even though Hoxall becomes ectopically expressed in distal cells, it
fails to trigger digit formation* 1112, While this suggests that Hoxall-dependent
formation of extra-digits requires Hox13 function, it raises the possibility that
HOX13 TFs, directly or indirectly, impact HOXAL11 binding specificity.
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We first analyzed the genome-wide binding of HOXA11 in wild type limb
buds at E11.5 by performing Chromatin immunoprecipitation followed by high
throughput sequencing (ChiP-seq) for HOXA11 and compared the data to the
ChlIP-seq data previously reported for HOXA13* (Fig.1; supplementary Fig. 1). We
found the vast majority of HOXA11 ChlP-seq peaks are located at genomic regions
distinct from transcriptional start site (TSS; Fig. 1b), reminiscent of the HOX13
genome-wide binding in distal limbs*. A significant proportion (65%) of HOXA11-
bound loci in proximal limb, are also occupied by HOXA13 in distal limbs, signifying
that only 35% of the HOXA11 targets (6333 targets) are not “shared” with HOXA13
(Fig. 1c). Similarly, 43% of the HOXA13-bound loci (9179 targets) are specific to
HOXA13 while 57% are bound by HOXA11 in the proximal limb (Fig. 1c). GREAT?3
analysis revealed that common and specific sites are associated with limb
development, consistent with the function of both TFs (Fig. 1d). Interestingly, de
novo motif search uncovered distinct motifs for common versus specific targets
(Fig. 1e, f). These HOXA13 specific sites are also occupied by HOXD13
suggesting that this binding specificity is shared between the HOX13 paralogs (Fig.
1g). As HOXA11 and HOXA13 are expressed in distinct cells in the developing
limb, we next tested whether the cellular environment could contribute to HOXA11
and HOXA13 binding specificity. To this aim, we analyzed the HOXA11 binding
profile in mutant limb buds in which Hoxal1 is ectopically expressed in distal limbs?
(Prrx1:Cre;Rosa26HoxalliHoxall:  referred to as RA11KI hereafter, Fig. 2a).
Compared to the wild type HOXA11 binding profile (Hoxall expression restricted
to the presumptive zeugopod), we observed ectopic binding of HOXA11 in RA11KI
limbs (Fig. 2b, c). Interestingly, distally expressed HOXA11 binds to loci specific to
HOXA13 in the wild type context (Fig. 2d), which could explain how distal
expression of HOXA11 triggers the formation of extra-digits in the RA11KI limbs®
while it is unable to compensate for the absence of HOX13 in Hox13-/- limbs*11.
Interestingly, HOXA11-bound loci that are specific to the RAL11KI limb buds are
also bound by HOXA13 and enriched for the DNA motif associated with HOXA13
specific sites (supplementary Fig. 2a, b; Fig. 1f). This indicates that the binding
specificity of HOXA11 and HOXA13 does not rely on distinct DNA motifs. Rather,
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our findings suggest that the primary driver for the distinct HOXA11 and HOXA13

binding patterns in wild type limb is cell type dependent.

Pioneer factors have emerged as key TFs for modifying cell fate by
triggering chromatin accessibility at target loci, allowing for the binding of other TFs
and the transcriptional machinery?!. Previous analysis of the impact of HOX13 on
gene regulation revealed that the transition from the early to the distal/late limb
developmental program relies on HOX13 function and it was proposed that this
switch in developmental program could be mediated by a pioneer activity of the
HOX13 TFs* We thus hypothesized that ectopic HOXA11 binding at loci normally
bound specifically by HOX13 could be associated with a pioneer activity of HOX13.
To test this hypothesis, we first performed ATAC-seq (Assay for Transposase
Accessible Chromatin followed by high-throughput sequencing!4) on wild type and
Hox13-/- distal limb buds (Fig. 3a; supplementary Fig. 3a). We identified changes
in chromatin accessibility (4573 increases and 3034 decreases) (Fig. 3b), a subset
of which coincides with loci bound by HOXA13 in wild type distal limb. Importantly,
those are restricted to loci losing accessibility in Hox13-/-, suggesting that
chromatin accessibility at a subset of HOX13 targets directly relies on HOX13 (Fig.
3c). In contrast, genomic regions with increased accessibility in Hox13-/- distal
limbs are distinct from the wild type HOX13-bound loci, excluding a direct
contribution of HOX13 in the establishment of closed chromatin states (Fig. 3c).
We then analyzed the binding specificity of HOXA11l and HOX13 at these sites.
While the binding of HOXA11 and HOXA13 correlate (R?=0.65) at sites with
unchanged accessibility, HOX13-dependent accessibility shows an unambiguous
preference for HOXA13-bound loci and a low correlation with HOXA11 (R?=0.23)
(Fig. 3d). However, we found that distal Hoxall expression (in RAL11KI limbs)
leads to ectopic HOXA11 binding compared to wild type (Fig. 3e; supplementary
Fig. 3b). This suggests that, in RA11KI limbs, in which Hoxal1l is expressed in the
Hox13 domain, HOXA1l becomes capable of binding genomic regions made
accessible by HOX13.
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Hox13 was previously shown to bind the regulatory landscape controlling
HoxD expression*'. We thus looked at chromatin accessibility at this locus.
Consistent with the centromeric regulatory landscape (C-DOM) controlling HoxD
expression in distal limb and the telomeric landscape (T-DOM) triggering HoxD
expression in the proximal limb'®, we found that chromatin accessibility is
significantly higher within the T-DOM in proximal limb cells and within the C-DOM
in distal cells (Fig. 3f). Interestingly, these differences in accessibility are dissolved
in Hox13-/- distal limb, with increased accessibility at wild type HOXAL11 targets
and decreased accessibility at HOX13 targets (Fig. 3f). These results suggest that
HOX13 binding within the C-DOM promotes the accessibility of the distal limb
enhancers while the distal gain of Hoxall expression in Hox13-/- limbs results in
increased accessibility within the T-DOM regulatory landscape. Based on the
existence of loci bound by HOX13 TFs which require HOX13 function to become
accessible, as well as the evidence that the HOX13-dependent chromatin
accessibility allows for the binding of at least another TF, we propose that HOX13
TFs behave as pioneer factors during limb development.

Interestingly, the enhancer that we previously identified, which drives
Hoxall antisense transcription and consequently blocks Hoxall expression in
distal limbs3, belongs to the subset of HOX13 targets identified in this study, whose
chromatin accessibility relies on HOX13 function (Fig. 4). The function of this
enhancer is mandatory for the pentadactyl state (five digits), and as such was
proposed to be a key component in the mechanism underlying the transition from
polydactyly (more than 5 digits) in ancestral tetrapods to the pentadactyl state of
modern tetrapods®. Consistent with previous results, analysis of RNA-seq data in
wild type and Hox13-/- distal limbs shows the specific loss of the antisense
transcript overlapping with Hoxal1 exon 1 (Fig. 4a). In both wild type proximal limb
and Hox13-/- distal limb, this enhancer is in an inaccessible chromatin state (Fig.
4b, middle tracks) indicating that its activity requires HOX13 function. Interestingly,
we found that this enhancer is one of the loci ectopically bound by HOXAL1 in
RAL11KI limbs (Fig. 4b, bottom track). These data thus suggest that HOX13 TFs

are mandatory for the chromatin accessibility of this enhancer and in turn, allows
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for HOXA11 binding when HOXA11 is expressed distally. To assess whether
chromatin accessibility at this enhancer is also dependent on HOX13 TFs in other
tetrapod species, ATAC-seq data from early and distal late wing buds from chick
embryos were compared. This comparison was used as a proxy for distal specific
chromatin opening, as Hox13 expression occurs exclusively in distal limb at the
stage the presumptive autopod is forming. ATAC-seq data from chick reveal that
the enhancer located in the Hoxall intron is in a closed chromatin state at early
stage and becomes subsequently accessible in the presumptive autopod, where
Hox13 is expressed (Fig. 4d). Although these ATAC-seq data do not provide a
direct proof of HOX13 pioneer activity in chick, based on the data obtained from
wild type and Hox13-/- mouse distal limb buds, it is reasonable to assume that the
HOX13-dependent accessibility of the enhancer driving Hoxall antisense
transcription is conserved among tetrapods. Interestingly, transgenic zebrafish
carrying the mouse enhancer for Hoxall antisense transcription, provided
evidence that this mouse enhancer is activated in the hox13 domain of the
transgenic fin3. Therefore, it is likely that the pioneer activity uncovered for the

mouse HOX13 TFs is actually conserved in all vertebrates.

In summary, our genomic analyses of the HOXA13 and HOXD13 reveal that
these transcription factors act during limb development as pioneer factors.
Whether this functional characteristic is specific to HOX13 or a common feature of
the HOX family remains to be investigated. Importantly, the finding that the HOX13
pioneer function is required for the activity of the digit-specific enhancer, whose
function is mandatory for the pentadactyl state of modern tetrapods indicate that
HOX13 pioneer function was likely instrumental during the fin-to-limb transition.
Finally, the data presented in this work suggest that HOX13 pioneer function is
conserved in tetrapods and most likely in all vertebrates. Based on these results
and previous reports®4, we propose that, during the fin-to-limb transition, the
implementation of digit-specific enhancers (at least a subset of them) required an

ancestral pioneer function of the HOX13 TFs.
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METHODS (ONLINE-ONLY)

Mouse lines

Hoxal3null (Hoxal3Str), Hoxd13null (Hoxd13'acZ), RosaHoxall mouse lines were
previously described3'118  All mice were maintained in mixed background
(C57BL/6 X 129). Noon of the day of the vaginal plug was considered as EO.5.
Mice and embryos were genotyped by PCR using genomic DNA extracted from
tail biopsy specimens and yolk sacs, respectively. Mice work at the Institut de
Recherches Cliniques de Montréal (IRCM) was reviewed and approved by the
IRCM animal care committee (protocols 2015-14 and 2017-10).

Chromatin Immunoprecipitation and Sequencing

HOXA11 ChIP was performed in forelimb buds of CD1 (wild type) and Prrx1Cre;
RosaHoxall/Hoxall (RA11KI) mice at E11.5 in the same conditions as previously

described for HOX13 ChIP4. Chromatin was cross-linked using a combination of
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disuccinimidyl glutarate (DSG) and formaldehyde and sonicated using Fisher
Scientific, Model 100 sonic dismembrator to obtain fragments between 100-600
bp. Protein A and Protein G Dynabeads (Invitrogen) were incubated for 6 hours at
4°C with 5ug HOXA11l (SAB1304728, Sigma) antibody. The chromatin was
coupled to the beads overnight at 4°C. The immunoprecipitated samples were then
sequentially washed in low salt (1% Triton, 0,1% SDS, 150 mM NacCl, 20 mM Tris
(pH8), 2 mM EDTA), high salt (1% Triton, 0,1% SDS, 500 mM NaCl, 20 mM Tris
pH8, 2 mM EDTA), LiCl (1% NP-40, 250 mM LiCl, 10 mM Tris (pH8), 1 mM EDTA)
and TE buffer (50 mM NacCl, 10 mM Tris (pH8), 1 mM EDTA). The DNA was then
purified on QlAquick columns (Qiagen). Library and flow cells were prepared by
the IRCM Molecular Biology Core Facility according to lllumina’s
recommendations and sequenced on lllumina Hiseq 2500 in a 50 cycles paired-

end configuration.

ATAC-seq

Dissection of proximal and distal of forelimb buds from wild type embryos and distal
forelimb buds of Hox13” embryos* were performed at E11.5. All samples for
ATAC-seq were processed as previously described?. Briefly, 50 000 cells were
washed in PBS and incubated on ice for 30 minutes in a hypotonic cell lysis buffer
(0.1% Y/y sodium citrate tribasic dehydrate and 0.1% Y/v Triton X100) centrifugated
(5 minutes at 2000g at 4°C). Cells were then incubated 30 minutes on ice in cell
lysis buffer (10mM Tris-HCI, pH7.4, 10mM NaCl, 3mM MgClz, 0.1% Y/v IGEPAL
CA-630. After centrifugation (5 minutes at 2000g at 4°C) the resulting pellet of
nuclei was re-suspended in transposase Master Mix (1.25 ul 10x TD buffer, 5 pl
H20 and 6.5 pl of Tn5: Illumina Nextera Kit; FC-121-1031) and incubated for 30
minutes at 37°C. Samples were purified using MinElute PCR purification column
(Qiagen). The eluted DNA was enriched and barcoded for multiplexing of samples
using Nextera barcodes by PCR using Phusion kit. The library was recovered with
GeneRead Purification columns. Samples were then evaluated by qPCR to test
for the enrichment of open regions and sequenced on Illumina Hiseq 2500 with

50bp or paired end reads, according to lllumina’s recommendation.
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RNA Preparation and Sequencing

Dissections of proximal and distal forelimb buds were performed at E11.5 as
described above. The dissected limb buds were stored at -80 in Qiagen RNAlater
until genotyping was performed. RNA was extracted from two independent
embryos and performed in biological duplicate using RNAeasy Plus mini kit
(Qiagen 74134). mRNA enrichment, library preparation and flow-cell preparation
for sequencing were performed by the IRCM Molecular Biology Core Facility
according to lllumina’s recommendations. Sequencing was done on a HiSeq 2500

instrument with a paired-end 50 cycles protocol.

ChlIP-seq and ATAC-seq Data analysis

ChIP-seq and ATAC-seq reads were aligned to the mm10 genome using bowtie
v.2.3.1 with the following settings: bowtie2 -p 8 --fr --no-mixed --no-unal —x. Sam
files were converted into tag directories using HOMER v4.9.1 and into bam files
using Samtools v1.4.1 view function. Peaks were identified by comparing each
sample to its input using MACS v2.1.1.20160309 callpeak function using the
parameters: --bw 250 -g mm --mfold 10 30 -p le-5. Peaks with an associated
pvalue less than 10° were kept. Heatmaps and average profiles were generated
using the Easeq software!®. ChlP-seq and ATAC-seq data were visualized on the
IGV software?® using BigWig files generated using the makeUCSCfile HOMER
command. For ATACseq differential analysis, peaks from ATAC datasets were
merged using HOMER v4.9.1 mergePeaks tool to obtain a file with all the unique
position from all the ATAC-seq datasets. ATAC-seq signals were quantified in
these different datasets using the analyzeRepeats.pl HOMER command and
differential accessibility analyses were performed using getDiffExpression.pl with
default parameters, which uses Deseq2 to perform differential analysis. Peaks
showing differential accessibility of more than two folds and a pvalue smaller than

0.05 were considered differentially accessible.

Motifs analysis
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The HOMER findMotifsGenome command was used to perform de novo analysis
within 200-bp windows around the center of summit of peaks against background
sequences generated by HOMER that matches GC content. In all cases the shown

motifs were the top scoring motif based on p-value.

RNA-seq Data analysis

Strand specific paired-end reads were aligned to the mm10 reference genome
using TopHat2?! with the parameters --rg-library “L” --rg-platform “ILLUMINA” --rg-
platform-unit “X” --rg-id “run#many” --no-novel-juncs --library-type fr-firststrand -p
12. The resulted Bam files were converted to tagDirectory using HOMER and

BigWig were produced using the makeUCSCfile HOMER command.

Protein extraction and western-blot

Nuclear extracts were performed using pooled forelimb and hindlimb buds at E11.5
from wild type and Hoxall-/- embryos. Western blot was performed using the anti-
HOXA1l antibody (1:500) (SAB1304728, Sigma) and the anti-H3 antibody
(1:3000) (Ab1791, Abcam) was used as loading control.

Accession numbers

The ChIP-seq data for HOX13 in distal limb and RNAseq for wild type and Hox13"
I distal limb buds* at E11.5 are available from the NCBI Gene Expression Omnibus
repository under the accession numbers GSE81356. Chicken ChIPseq data of

Hoxal3 and Hoxall® were obtained from the accession numbers GSES86088.

Study approval

All mice experiments described in this article were approved by the Animal Care
Committee of the Institut de Recherches Cliniqgues de Montréal (protocols # 2014-
14 and 2017-10).
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Figure 1. HOXA13 and HOXA11 bind specific limb cis-regulatory modules.
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Figure 1. HOXA13 and HOXA11 bind specific limb cis-regulatory modules.

(a) Schematics illustrating the restricted expression of Hoxall and Hoxal3 in limb
buds as well as the limb phenotype associated with the loss of Hoxa/d11l and
Hoxa/d13. (b) Distance of the HOXA11 (blue) and HOXA13 (orange) bound loci to
the closest TSS of all HOXA11 and HOXA13 peaks (p-value < 107°) in E11.5
forelimb buds. (c) Heatmap showing ChlP-seq read density of HOXA11 (blue) and
HOXA13 (orange) at all peaks for HOXA11 and HOXA13 with a p-value <10, in
a 4kb window. Peaks are ranked based on p-value and according to the specificity
of binding. (d) GREAT*® analysis of each category of HOXA11 and HOXA13
binding sites. The five top enriched biological process terms are shown. Binomial
raw p-value as computed by GREAT are shown. (e) Average profile showing ChlP-
seq signal (RPKM) of HOXA1l (blue) and HOXA13 (orange) at the three
categories depicted in Fig. 1b. The x-axis represents the distance (bp) to peak
summit. (f) Top scoring motif found by HOMER de novo motif analysis in a 200bp
window around the 2000 best peaks of the three categories depicted in fig. 1b.
Common HOXA11 and HOXA13 binding sites were analyzed using HOXA11 peak
summit and HOXA13 peak summit. (g) Genome browser view (IGV) showing
HOXA13, HOXD13 and HOXAL11 binding (reads per million reads) at prototype loci
of the three categories of HOXA11 and HOXA13 depicted in fig. 1b.
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Figure 2. Loss of HOXA11-HOX13 specificity following ectopic Hoxall

expression.

(a) Schematics showing the expression pattern of Hoxall (blue) and Hoxal3
(orange) in mouse limb bud from wild type and in Prrx1Cre; RosaHoxall/Hoxall
mouse (RAL11KI). These were used to assess binding of HOXA11 after ectopic
expression. (b) Heatmap showing ChlPseq read density of HOXA11 in wild type
(blue) and in RA11KI (brown) from wild type and RA11KI E11.5 forelimb buds, at
all HOXA11 peaks with a p-value <10-%9, in a 4kb window. Peaks are ranked based
on p-value and according to binding specificity. (c) Average profile showing ChiP-
seq signal (RPKM) for HOXA11 in wild type (blue) and RA11KI (brown) at the three
categories depicted in Fig. 2b. The x-axis represents the distance (bp) to peak
summit. (d) Heatmap showing ChiP-seq read density of HOXA13 in wild type and
HOXA11 in wild type and RA11KI E11.5 forelimb buds at HOXA13 specific peaks
with a p-value <102, in a 4kb window. Peaks are ranked based on p-value of
HOXA13 binding.
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Figure 3. HOXA13 specific binding is linked to HOX13-dependent chromatin

accessibility.
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Figure 3. HOXA13 specific binding is linked to HOX13-dependent chromatin

accessibility.

(a) Schematics illustrating Hoxall and Hoxal3 expression in wild type and
Hoxal3-/-; Hoxd13-/- (Hox13-/- hereafter) E11.5 limb buds. These were used to
assess HOX13 regulated accessibility by ATAC-seq. (b) Dispersion plot showing
average expression (Deseg2 computed rLog, x-axis) over log2 fold change in wild
type versus Hox13-/-limb buds (y-axis) at all ATAC-seq peaks. Differentially
accessible ATAC-seq peaks (p-value <0.05, fold change > +/- 2) are shown in blue
for KO-enriched and in red for wild type-enriched ATAC signals. (c) Box plot
showing level of HOXA13 binding (RPKM) at the three categories of ATAC-seq
peaks. Center lines show medians; box limits indicate the twenty-fifth and seventy-
fifth percentiles; whiskers extend to 1.5 times the interquartile range from the
twenty-fifth to seventy-fifth percentiles. Outliers are not shown. (d) Correlation plots
showing the level (RPKM) of HOXA11 (x-axis) over HOXA13 (y-axis) at the three
indicated categories of ATAC-seq peaks. Correlation coefficient were computed
using excel. (e) Box plot showing HOXA13 and HoxA11l binding in wild type and
RA11KI limb bud (RPKM) at the three categories of ATAC-seq peaks. Center lines
show medians; box limits indicate the twenty-fifth and seventy-fifth percentiles;
whiskers extend to 1.5 times the interquartile range from the twenty-fifth to
seventy-fifth percentiles. Outliers are not shown. (f) HiC contact map (top) of mES
cells'” at the HoxD cluster and its surrounding two topological domains, C-DOM
and T-DOM. Genome browser view (IGV, bottom) showing the intensity (reads per
millions) of HOXA13 and HOXA11 ChlP-seq, and ATAC-seq signals in proximal
and distal wild type limb bud as well as in Hox13-/- distal limb bud. The orange and
blue boxes highlight the C-DOM and T-DOM landscapes, respectively. The
percentage values correspond to the proportion of reads found at the peaks for
each dataset in the indicated topological domains. Differentially accessible sites
are shown with orange and blue stars for ATAC-seq peaks enriched in wild type or

in Hox13-/- respectively. Validated limb enhancers are shown as a black star.
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Figure 4. HOX13-dependent opening of the enhancer controlling Hoxall

antisense transcription in tetrapods.
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Figure 4: HOX13-dependent opening of the enhancer controlling Hoxall

antisense transcription in tetrapods.

(a) Genome browser view (IGV) of overlaid strand specific RNA-seq at the
Hoxall locus in the indicated tissues showing the mutually exclusive
expression of Hoxall and the antisense transcripts overlapping with
Hoxall exonl. (b) Genome browser view (IGV) of the ChlP-seq and ATAC-
seq data from mouse E11.5 limb bud at the Hoxal1 locus. (c) UCSC tracks
at the same genomic locus showing sequence conservation between
mouse and both tetrapod and non-tetrapod species. (d) Genome browser
view (IGV) of HoxA13 and HoxAll ChIP-seq data®, primary chicken
mesenchymal limb progenitor cells) and ATAC-seq from chicken wing bud
at early stage (HH20, prior to Hox13 transcriptional activation) and late
(HH26/27) distal wing bud (Hox13-expressing domain) at the chicken

genomic region corresponding to the mouse coordinates in Fig. 4a.
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Supplementary figure 1. Validation of HOXA11 ChlPseq in E11.5 mouse limb

bud.

(a) Western blot of nuclear extracts from E11.5 wild type and Hoxal1-/- limb buds.
Two replicates are shown. Antibody against HOXA11 (top panel) and Histone H3
(bottom panel) were used. (b) Genome wide correlation of 500bp windows of the

two HOXA11 ChIP-seq replicates signal. Pearson correlation is shown. Windows

with more than 500 reads are shown as 501 reads.
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Supplementary figure 2. Association between ectopic HOXA11 binding sites

and HOXA13 specific sites.

(a) Heatmap showing ChlP-seq read density of HOXA11 in wild type and RA11KI,
and HOXA13 from E11.5 forelimb buds at RA11KI specific peaks with a p-value
<1020, in a 4kb window. Peaks are categorized based on their colocalization with
a HOXA13 peak and are ranked by HOXA13 binding. (b) De novo motif analyses
using HOMER showing the top scoring motif in a 200bp window for RA11KI
specific peaks bound by HOXA13 (pvalue<10-2°) or not.
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Supplementary figure 3. ATACseq analyses in HOX13-/- compared to wild

type mice.

(a) Correlation between ATACseq signal in replicate 1 and replicate 2 of wild type
(left panel) and Hox13-/- (right panel). Correlation coefficient was computed using
Excel. Values are reads per kilobases per million reads. (b) Genome browser view
(IGV) of the indicated ChIP-seq and ATAC-seq data from mouse E11.5 limb bud

at the mentioned loci.
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