
The selector gene Pax7 dictates alternate
pituitary cell fates through its pioneer
action on chromatin remodeling

Lionel Budry,1,4 Aurélio Balsalobre,1,4 Yves Gauthier,1 Konstantin Khetchoumian,1 Aurore L’Honoré,1
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National de la Recherche Scientifique (CNRS), Institut Jean-Roche, 13385 Marseille, France; 3Department of Clinical Sciences of
Companion Animals, Faculty of Veterinary Medicine, Utrecht University, NL-3508-TD Utrecht, Netherlands

The anterior and intermediate lobes of the pituitary gland derive from the surface ectoderm. They provide a simple
system to assess mechanisms of developmental identity established by tissue determinants. Each lobe contains
a lineage expressing the hormone precursor pro-opiomelanocortin (POMC): the corticotropes and melanotropes.
The T-box transcription factor Tpit controls terminal differentiation of both lineages. We now report on the
unique role of Pax7 as a selector of intermediate lobe and melanotrope identity. Inactivation of the Pax7 gene
results in loss of melanotrope gene expression and derepression of corticotrope genes. Pax7 acts by remodeling
chromatin and allowing Tpit binding to a new subset of enhancers for activation of melanotrope-specific genes.
Thus, the selector function of Pax7 is exerted through pioneer transcription factor activity. Genome-wide, the
Pax7 pioneer activity is preferentially associated with composite binding sites that include paired and
homeodomain motifs. Pax7 expression is conserved in human and dog melanotropes and defines two subtypes
of pituitary adenomas causing Cushing’s disease. In summary, expression of Pax7 provides a unique tissue identity
to the pituitary intermediate lobe that alters Tpit-driven differentiation through pioneer and classical transcrip-
tion factor activities.
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Selector genes were defined by genetic analyses of Dro-
sophila development as cell-autonomously acting genes
that provide early patterning and positional identity,
typically within developmental domains or compart-
ments such that later differentiation is specified as a re-
sult of selector gene action (Garcia-Bellido 1975; Irvine
and Rauskolb 2001). The early positional identity pro-
vided by selector genes thus creates different cellular
environments on which terminal differentiation mecha-
nisms and regulators act to yield alternate fates. In mam-
mals, the importance of selector genes has been particu-
larly noted in brain and spinal cord development, where
their regional expression restricts the differentiation poten-
tial of expressing domains. For example, the paired homeo-
domain (HD) transcription factors Pax3 and Pax7 confer
dorsal identity in the spinal cord (Mansouri and Gruss

1998), whereas the related Pax6 defines a more ventral
fate (Ericson et al. 1997).

The molecular mechanism of selector gene action has
remained elusive, since this concept has rarely been
brought down to specific cell differentiation events. Over
the last decade, models of combinatorial transcription
factor action have been proposed for the control of cell-
specific differentiation-dependent genes (Heinz et al.
2010). These models have highlighted the concerted, if
not cooperative, action of many transcription factors but
do not readily account for the initiation of new gene
expression programs. In contrast, the concept of pioneer
transcription factors developed in recent years may well
correspond to the genetic concept of selector genes, since
pioneer factor recruitment to regions of less accessible
chromatin is thought to increase accessibility to chroma-
tin and targets of other transcription factors (Zaret and
Carroll 2011).

The pituitary gland is a relatively simple endocrine
organ that is composed of six secretory cell types. Critical
transcription factors, such as Pit1, SF1, and Tpit, have been
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identified that direct terminal differentiation into differ-
ent lineages through alternate binary cell fate choices
(Drouin 2010). These cell fate choices are mutually ex-
clusive, with the apparent exception of two lineages
expressing the same hallmark hormone-coding gene: pro-
opiomelanocortin (POMC). Indeed, POMC is expressed in
one lineage of the anterior pituitary lobe (AL), the cortico-
tropes, whereas the intermediate lobe (IL) is comprised of
the other POMC-expressing lineage, the melanotropes.
Beyond the expression of POMC, cells of both lineages
have quite different identities, as they process the POMC
protein precursor differently and regulate its expression
in response to different signaling pathways. There is cur-
rently no known mechanism that accounts for the dif-
ferent identities of the two POMC-expressing lineages.

The two POMC-expressing lineages secrete different
biologically active peptides because corticotropes express
only proconvertase 1 (PC1), which processes POMC into
adrenocorticotrophin (ACTH) among other peptides,
whereas melanotropes express both PC1 and PC2 and
further process ACTH into a-melanostimulin (aMSH). In
addition to these differences, the two lineages are marked
by the restricted expression of membrane receptors, such
as the corticotropin-releasing hormone (CRH) and vaso-
pressin (AVP) receptors in corticotropes and the dopamine
D2 receptor (Drd2) in melanotropes (Cote et al. 1986;
Papadimitriou and Priftis 2009; Drouin 2010).

Differentiation of the two POMC lineages does, how-
ever, depend on the same transcription factor, Tpit, but at
different times in development (embryonic day 12.5
[E12.5] for the AL and E15.5 in the IL). We identified Tpit
as a T-box-containing transcription factor that is highly
restricted to POMC-expressing cells of the pituitary and
is critical for POMC transcription (Lamolet et al. 2001).
Tpit gene inactivation leads to near complete loss of
POMC expression in both melanotropes and corticotropes
(Pulichino et al. 2003b), and cells destined to become
POMC cells fail to reach terminal differentiation. Most of
these cells remain blocked in a noncycling precursor state
(Bilodeau et al. 2009), although a few cells do appear to
differentiate into POMC-expressing cells, and ;10%
differentiate into an alternate pituitary cell fate: gonado-
tropes. These alternate cell fates appear to be determined,
at least in part, by the antagonistic actions of Tpit and SF1
(Pulichino et al. 2003b). TPIT mutations cause isolated
ACTH deficiency in children, an often fatal condition that
is fully rescued by hormone replacement therapy (Lamolet
et al. 2001; Pulichino et al. 2003a; Vallette-Kasic et al.
2005), and this is faithfully mimicked by Tpit loss of
function in mice.

A screen for transcription factors differentially expressed
between the pituitary IL and AL led us to identify Pax7 as
highly restricted to the IL. The present report assessed the
role of Pax7 in IL melanotropes, and we found that Pax7 is
a critical positive regulator of the melanotrope fate. Pax7 is
not sufficient for melanotrope differentiation, as this re-
quires Tpit. However, Pax7 is critical for activation of
melanotrope-specific genes and repression of corticotrope-
specific genes. Pax7 thus acts as a selector switch between
the two alternate POMC lineages that are otherwise both

dependent on Tpit for terminal differentiation. While Pax7
drives pituitary progenitors into differentiation, its action
appears independent of progenitor cell cycle exit. At
melanotrope-specific genes, Pax7 increases the chroma-
tin accessibility of the regulatory sequences (enhancers)
allowing for Tpit recruitment and action, thus acting as
a pioneer factor and selector gene for differentiation.

Results

Pax7 is specifically expressed in pituitary
melanotropes

Expression profiling of transcription factors during pitu-
itary ontogenesis led us to identify Pax7 for its preferen-
tial expression in the IL. Analysis of mouse pituitary
RNA by RT-qPCR confirmed the highly restricted ex-
pression of Pax7 in the adult IL compared with ALs (Fig.
1A). Furthermore, Pax7 mRNA was detectable in E16
pituitaries but not at E14, in agreement with IL melano-
trope differentiation within that developmental interval.
By immunohistochemistry (IHC), Pax7 was found only in
IL melanotropes and no other pituitary cells (Fig. 1B). In
order to correlate Pax7 expression with cell differentia-
tion in the developing pituitary, its expression was as-
sessed by immunohistofluorescence together with Tpit.
At E14.5 of mouse embryonic development, Tpit is al-
ready expressed in AL corticotropes, but neither Tpit nor
Pax7 is expressed in ILs (Fig. 1C). By the next day (E15.5),
most IL nuclei express Pax7, and a subset of those express
Tpit, indicating that Pax7 expression precedes Tpit (Fig.
1E). At E16.5, most IL cells coexpress Pax7 and Tpit (Fig.
1G). The expression of these transcription factors is
correlated with expression of POMC in both the AL and
IL (Fig. 1D,F,H). In addition, IL expression of PC2 starts at
E15.5, following expression of Tpit (Fig. 1F). PC2-positive
cells of the AL at E14.5–E16.5 are presumptive gonado-
tropes. The onset of Pax7 expression in IL melanotropes
thus precedes the terminal differentiation revealed by
Tpit, POMC, and PC2 expression.

Pax7 in human/dog pituitary and corticotrope
adenomas (Cushing’s disease)

The human adult pituitary does not have an IL because
this tissue regresses after the 15th week of gestation; it
is nonetheless interesting to find out whether Pax7-
expressing pituitary cells are present in humans, since
their POMC cells expand to form adenomas that cause
Cushing’s disease, and this results in excessive and
uncontrolled ACTH and glucocorticoid (Gc) production
(Drouin et al. 2007). Typically, these adenomas are resistant
to Gc feedback, and hence they may be of IL or AL origin
if corticotropes have developed Gc resistance (Bilodeau
et al. 2006). We identified Pax7 and Tpit-positive cells in
IL remnants of a 25-wk human embryo (Fig. 1I,J), indicat-
ing that the human fetal IL normally expresses Pax7.
Cushing’s disease is more frequent in dogs than in humans,
and hence we showed that the dog pituitary has a distri-
bution of Pax7-expressing IL cells similar to the mouse
(Fig. 1K). Using a panel of human and dog Cushing
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adenomas that we previously investigated for mecha-
nisms of Gc resistance (Bilodeau et al. 2006; Roussel-
Gervais et al. 2010), we show that ;10% of human and
30% of dog Cushing adenomas express Pax7 with varying

penetrance (Fig. 1L; Supplemental Fig. S1). It will be
interesting to investigate the clinical significance of Pax7
expression in this subset of adenomas and, in particular, its
putative usefulness for the development of therapeutic
strategies that rely on melanotrope-specific functions, such
as expression of dopamine receptors.

Pax7-dependent expression of melanotrope-specific
markers

The highly restricted expression profile suggests that
Pax7 might be an important regulator of the melanotrope
cell fate. We addressed this question using Pax7 knockout
mice. These mice die during the perinatal period if bred in
a C57bl/6 background. On a 129/sv background, however,
they survive up to 30 d after birth but die shortly after for
as-yet-to-be-determined reasons (Kuang et al. 2006). At
that age, homozygous (�/�) mice are much smaller than
their wild-type or heterozygous (+/�) littermates and,
accordingly, display reduced body weight. This general
size reduction affected the pituitary roughly within the
same proportion (Supplemental Fig. S2A).

Lineage markers were used in order to assess the
differentiation status of IL cells in Pax7�/� pituitaries. Ex-
pression of the POMC cell-restricted factor Tpit is un-
affected by the Pax7 mutation, suggesting that IL cells are
still directed toward a POMC lineage (Fig. 2, cf. D and A).
However, expression of POMC as assessed by IHC is
markedly reduced in the IL but not in AL corticotropes
(Fig. 2B,E). Similarly, expression of PC2 is down to back-
ground level in IL Pax7�/� pituitaries, while its expression
is unaffected in AL gonadotropes (Fig. 2C,F). We used
postnatal day 24 (P24) dissected neurointermediate lobes
(NILs) from normal and Pax7�/� pituitaries in order to
quantify by RT-qPCR the effect of Pax7 deficiency on
melanotrope markers (Fig. 2G). These analyses confirm
that Tpit expression is not altered by the Pax7 mutation. In
contrast, POMC mRNA levels are decreased 8.6-fold in
Pax7�/� NILs compared with either wild-type or Pax7 +/�

pituitaries. An even greater loss of PC2 expression (56-fold)
was observed in Pax7�/� NILs with a slight decrease in
PC2 mRNA levels in Pax7 +/� NILs. And similarly, Drd2
expression is 13-fold lower in Pax7�/� NILs compared
with wild type. Collectively, these analyses indicate a loss
of melanotrope-specific gene expression (POMC, PC2, and
Drd2) but without affecting expression of the lineage
marker Tpit.

Melanotropes switch to a corticotrope fate
in the absence of Pax7

The Pax7�/� IL cells still express POMC but have lost
important melanotrope features. They could be blocked
in a partially differentiated state or may have switched to
another cell fate. In order to address this, we first ruled
out expression of other pituitary hormones in the Pax7�/�

IL (Supplemental Fig. S2B). Alternatively, the POMC-
expressing cells of the Pax7�/� IL may have adopted a
corticotrope-like fate. AL corticotropes are marked by
expression of the Gc receptor (GR) in contrast to the GR-
negative melanotropes; we used IHC to reveal the GR in

Figure 1. Pax7 expression is restricted to pituitary melanotropes.
(A) RT-qPCR analysis of Pax7 mRNA (relative to TBP) in mouse
embryonic (E) and adult AL or IL pituitaries. (*) Below detection.
Data are presented as mean 6 SEM (n = 3). (B) Pax7 expression in
the frontal section of the adult mouse pituitary revealed by IHC.
Nuclear Pax7 protein is only detected in IL melanotropes. (PL)
Posterior lobe. (C–H) Pax7 expression during pituitary develop-
ment (E14.5, E15.5, and E16.5) revealed by immunofluorescence
and colabeling for Tpit, PC2, or POMC as indicated. (I,J) Expres-
sion of immunoreactive human Pax7 (I) in Tpit-positive cells (J) of
IL remnants of the 25-wk human pituitary. (Insets) At this stage,
the human IL is regressing, but the remaining tissue marked by
Tpit is positive for Pax7, whereas Tpit-positive cells of the AL are
negative for Pax7. (K) Immunohistochemical localization of
nuclear Pax7 (red) in ILs of dog pituitaries that are also positive
for POMC, whereas AL POMC-positive cells (green) are Pax7-
negative. (L) Frequency of Pax7-positive cells in corticotrope
adenomas from Cushing’s disease patients or dogs.
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pituitary sections. As expected, the GR is widely expressed
in the AL but not in the IL of normal pituitaries. In
contrast, the GR is readily detectable in the Pax7�/� IL
(Fig. 2H). We used RT-qPCR analysis of mRNA from wild-
type and Pax7�/� NILs in order to quantify expression of
corticotrope markers. These analyses indicated a fourfold
up-regulation of the GR mRNA in the Pax7�/� NILs
compared with wild type or heterozygotes (Fig. 2I). The
basic helix–loop–helix (bHLH) transcription factor
NeuroD1 is restricted to pituitary AL cells—in particular,
corticotropes—during development (Drouin 2010). Inter-
estingly, NeuroD1 expression was increased 14-fold in
the Pax7�/�NIL, consistent with the idea that the Pax7�/�

melanotropes might have acquired corticotrope features.
This idea was further supported by assessment of CRH
receptor 1 (CRH-R1) and AVP receptor 1b (AVP-R1b) ex-
pression in the mutant NIL (Fig. 2I). Expression of these
two membrane receptors is normally restricted to AL
corticotropes, and their significant up-regulation in the
Pax7 mutant NIL supports the interpretation that Pax7�/�

IL cells have switched to a corticotrope fate.
In order to better appreciate the extent of this fate

change, we compared these results with expression data
obtained from purified corticotropes and melanotropes.
Expression profiles derived using FACS-sorted cells from
POMC-EGFP transgenic mice (Lavoie et al. 2008) were
used to select a panel of genes that are enriched in either
corticotropes or melanotropes (Fig. 2J). Including the
known markers mentioned above, we considered 26
expressed genes. Among these, 13 genes showed prefer-
ential expression in corticotropes (cortico-enriched) (blue
in Fig. 2J). Concordantly, 11 of these showed higher
expression in Pax7�/� than in wild-type ILs (Fig. 2J). Of
the 12 genes that are preferentially expressed in melano-
tropes (melano-enriched) (yellow in Fig. 2J), eight dis-
played decreased expression in Pax7�/� ILs. Expression of
the remaining four melanotrope-enriched genes (Gpr50,
Gldc, Scn7a, and Fndc3cl) was not affected by loss of
Pax7, suggesting that there may be other determinants of
melanotrope identity in addition to Pax7. Other tran-
scription factors or transcriptional coregulators may
thus contribute together with Pax7 to the expression of
melanotrope-specific genes; this may also account for the
quantitative rather than absolute changes in expression
profiles observed in the Pax7�/� IL. Notwithstanding, the
switch of expression signature observed in the Pax7�/� IL
supports the conclusion that Pax7 is an important deter-
minant of melanotrope versus corticotrope cell identity.

Relative roles of Pax7 and Tpit in differentiation

In contrast to the role of Pax7 as a positive factor for the
melanotrope program and a negative regulator of the
corticotrope fate, Tpit is essential for differentiation into
both cell fates, since Tpit�/� pituitaries fail to express
POMC, and cells destined for these lineages mostly re-
main undifferentiated (Pulichino et al. 2003b). An up-
stream action of Tpit would be consistent with its main-
tained expression in Pax7�/� pituitaries (Fig. 2A,D), and
accordingly, expression of Pax7 is decreased, but still

Figure 2. POMC cell type switch in the Pax7 knockout in-
termediate pituitary. Loss of melanotrope (A–G) and gain of
corticotrope (H–J) markers. (A–F) Immunohistochemical analy-
sis of adult (P24) Pax7�/� pituitaries. (A,D) Nuclear Tpit
expression is maintained in Pax7�/� IL cells. (B,E) Expression
of POMC is strongly reduced in Pax7�/� ILs but unchanged in
ALs. (C,F) PC2 is decreased to background level in Pax7�/� IL.
(G) RT-qPCR quantification (6SEM, n = 3) of melanotrope
marker mRNAs in the neurointermediate pituitary (NIL) of the
indicated Pax7 genotypes (relative to GAPDH). Pax7 inactiva-
tion results in decreased POMC, proconvertase PC2, and Drd2
mRNAs (P < 0.05 for each +/+ vs. �/� comparison). (H) GR
expression is up-regulated in the Pax7�/� IL as assessed by
immunoperoxydase histochemistry. (I) RT-qPCR quantification
of NIL mRNA content (relative to GAPDH) for corticotrope
markers GR, NeuroD1, Crhr1 and Avpr1b (P < 0.05 for each +/+

vs. �/� comparison). (J) The transcriptional signature of the
Pax7�/� NIL is similar to a corticotrope, rather than melano-
trope, profile. Genes were selected from expression array data
according to their preferential expression in either melanotropes
(yellow) or corticotropes (blue), and their expression was
assessed by RT-qPCR in Pax7�/�NILs (pools of four animals
per genotype). Expression ratios (color-coded) are shown for
Pax7 knockout over wild-type ILs and compared with expres-
sion ratios for the same genes in FACS-sorted POMC-EGFP
corticotropes over melanotropes.
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present, in developing ILs of Tpit�/� E16.5 pituitaries (Fig.
3A,B). However, Pax7 is expressed before Tpit in the
developing IL (Fig. 1E). In postnatal (P2) Tpit�/� ILs, Pax7
expression is restricted to cells on the ventral/luminal
side, with more dorsal cells appearing completely nega-
tive for Pax7 expression (Fig. 3, cf. D and C). This pattern
of Pax7 expression is thus more consistent with indepen-
dent activation of Pax7 and Tpit expression and with Tpit
exerting a positive feedback on Pax7 expression.

Prior work had shown that the bulk of adult Tpit�/� IL
cells is blocked in a precursor state and that 10%–15% of
the IL cells switch fate to become gonadotropes, as
marked by expression of SF1 (Pulichino et al. 2003b;

Bilodeau et al. 2009). At P2, cells that have undergone
this fate switch are essentially observed on the dorsal side
of the Tpit�/� IL, and SF1 expression appeared to be
mutually exclusive with Pax7 (Fig. 3E,F). Thus, most
dorsal cells of the Tpit�/� IL do not express Pax7 and have
differentiated into gonadotropes. It is likely that these
cells expressed Pax7 earlier, as most IL cells express Pax7
in early development, albeit at a lower level in Tpit�/�

pituitaries (Fig. 3B).

Pax7 and progenitor cell cycle exit

The restriction of Pax7-positive cells on the luminal side
of the Tpit�/� IL is intriguing, since a population of Sox2-
expressing pituitary progenitors is localized around the
lumen of the adult gland (Fauquier et al. 2008). We used
coimmunofluorescence for Sox2 and Pax7 in order to
define the relationship between pituitary stem cells and
IL Pax7-positive cells. In P2 pituitaries, Sox2-positive
cells are present around the lumen of the gland, as de-
scribed previously, and Pax7-positive cells occupy the
remainder of the IL (Fig. 3G). A few scattered cells are
positive for both markers, suggesting that the transition
from progenitor to putative precursor is accompanied by
overlapping Sox2 and Pax7 expression. In the Tpit�/� IL,
this overlap is widespread, with most Pax7-positive cells
retaining Sox2 expression (Fig. 3H). Interestingly, the Pax7-
negative cells of the Tpit�/� IL do not express Sox2. In
order to assess whether Pax7/Sox2 double-positive cells
are still in cell cycle, we performed colabeling for Pax7 and
Ki67; this revealed few Ki67-positive cells and little over-
lap in either normal or Tpit�/� ILs (Fig. 3I,J), indicating that
Pax7 cells have mostly exited the cell cycle in both
genotypes.

In view of the apparent failure of IL cells to fully exit
their progenitor state in Tpit�/� pituitaries (i.e., they
maintain Sox2 in the presence of Pax7) and of the role
of p57Kip2 as the cell cycle inhibitor driving pituitary
progenitors out of cell cycle (Bilodeau et al. 2009), we
assessed expression of Pax7 in relation to p57Kip2 and
p27Kip1 in Tpit�/� ILs. p57Kip2 expression was mostly
observed in the dorsal Pax7-negative cells of the Tpit�/�

ILs (Fig. 3K,L) that have undergone a fate switch to SF1-
positive gonadotropes (Fig. 3E,F). The Sox2/Pax7 double-
positive cells do not appear to express either p57Kip2 or
p27Kip1 (Fig. 3K–N). Interestingly, the distribution of
p57Kip2, p27Kip1, and Sox2 expression was unaffected in
the Pax7�/� ILs (Supplemental Fig. S3A), suggesting that
Pax7, in contrast to Tpit, is not involved in cell cycle
progression of pituitary cells. Furthermore, Pax7�/� IL
cells do not exhibit changes in proliferation or apoptosis,
as assessed by Ki67 or cleaved caspase3 labeling (Fig. 3I,J;
data not shown). In normal development, Tpit is expressed
later than Pax7 (Fig. 1E), and p57Kip2 expression starts ear-
lier than either in the IL (Bilodeau et al. 2009). In support
of this sequence, we observed some cells double-positive
for p57Kip2 and Pax7 in the E16.5 IL (Supplemental Fig.
S3B–D) but no p57Kip2/Tpit double-positive cells (Sup-
plemental Fig. S3E–G). Thus, Tpit and Pax7 play differ-
ent roles in the progression of pituitary progenitors

Figure 3. Altered differentiation and precursors in Tpit knock-
out ILs. (A–D) Pax7 expression in Tpit knockout pituitaries.
(A,B) Pax7 is expressed, but less, in cells of the E16.5 Tpit�/� IL.
(C,D) After birth (P2), Pax7 expression only marks the ventral
half of the Tpit�/� IL. Dotted lines demarcate the IL. (E–J) Fate of
Tpit�/� IL cells. (E,F) Colabeling for SF1 and Pax7 reveals IL SF1-
positive cells only on the dorsal side of the Tpit�/� IL that is
mutually exclusive with Pax7 labeling. (G,H) Colabeling for
Pax7 and Sox2 of P2 pituitary sections from Tpit+/� (identical to
+/+) and Tpit�/�. (I,J) Ki67-positive cells is rare in both control
and Tpit mutant ILs. (M,N) The bulk of Tpit+/� IL cells express
p27Kip1 and rarely p57Kip2, whereas many cells coexpress these
two Cip–Kip cell cycle inhibitors in the dorsal Tpit�/� IL. (K,L)
Whereas few cells express p57Kip2 in normal P2 ILs (some
coexpressing Pax7), the bulk of dorsal Tpit�/� IL cells express
high levels of p57Kip2, in contrast to the ventral Pax7-positive
cells that rarely do so.

Pax7, a pioneer factor of differentiation

GENES & DEVELOPMENT 2303



toward differentiation and in the repression of the pro-
genitor state.

Pax7 and pituitary differentiation

In order to explore further the role of Pax7 in engaging
differentiation of pituitary progenitors, we designed a
transgenic gain-of-function experiment where Pax7 ex-
pression is driven by the Pitx1 promoter (Fig. 4A). Pitx1 is

expressed broadly within the oral ectoderm and pitui-
tary primordium—much earlier than any pituitary dif-
ferentiation event (Lanctôt et al. 1997). The Pitx1 pro-
moter fragment used in these experiments exhibits
appropriate expression, albeit with variable penetrance
both spatially and temporally (Bilodeau et al. 2009). Of
a total of 13 transgenic embryos, five showed transgene
expression and phenotypes of varying severity. The most
severely affected pituitary had very few cells remaining
at E17.5 (Fig. 4B–D). Pax7 was expressed throughout
this tissue (Fig. 4B,C), and some cells coexpressed Sox2
(Fig. 4B). Other cells coexpressed Tpit with Pax7 (Fig.
4C), and that is associated with expression of POMC
and the melanotrope marker PC2 (Fig. 4D). Other trans-
genic pituitaries analyzed at either E14.5 or E17.5
revealed a mosaic pattern of Pax7 expression, indicating
less penetrant transgene expression. While some trans-
genic pituitaries exhibited reduced pituitary tissue,
one pituitary presented with expanded tissue extending
all the way to the oral ectoderm (Fig. 4E,H) and ex-
tensive but not complete Pax7 expression (Fig. 4I). Both
Pax7-positive and Pax7-negative cells exhibited cor-
tico/melanotrope differentiation, as revealed by Tpit
(Fig. 4I) and POMC (Fig. 4J) expression. Interestingly,
transgenic expression of Pax7 in this E14.5 anterior
pituitary did not cause premature expression of the
melanotrope-specific PC2 (Fig. 4J). Some Pax7-positive
and Pax7-negative cells have undergone somatotrope
differentiation, as revealed by Pit1 (Fig. 4K) and GH ex-
pression (data not shown). Gonadotrope differentiation,
marked by expression of SF1 (Fig. 4L) and LH (data not
shown), is also observed, but SF1-positive cells never
coexpress Pax7, suggesting that Pax7 expression is in-
compatible with gonadotrope differentiation; this is
consistent with the mutually exclusive differentiation
between POMC and gonadotrope lineages (Pulichino
et al. 2003b).

Collectively, the ectopic expression of Pax7 during
pituitary development appears to engage progenitors into
differentiation pathways. Although Pax7 expression itself
did not lead to complete differentiation, it appears per-
missive for cortico/melanotrope and Pit1-dependent, but
not gonadotrope, differentiation. Transgenic pituitaries
with expanded pituitary tissue exhibited more Pax7-
negative cells than those with impaired pituitary expan-
sion, suggesting that an early timing of Pax7 expression
may prevent expansion of progenitors, whereas its later or
less-penetrant expression may contribute to their expan-
sion. Consistent with this, we found Pax7-negative and
Pax7-positive cells that are also positive for either p57Kip2

(Fig. 4M) or Ki67 (Fig. 4N). These transgenic pituitaries
also contain a mixture of Sox2-positive cells that are ei-
ther Pax7-negative or Pax7-positive (Fig. 4O), but no
apoptotic cells (Fig. 4P). By engaging progenitors into
differentiation pathways, Pax7 expression thus appears to
exhaust the progenitor pool in the most severe transgenic
pituitaries (Fig. 4B–D). These gain-of-function experi-
ments further support the model of Pax7 acting as an
upstream selector gene for modulation of Tpit-driven
differentiation.

Figure 4. Pax7 drives pituitary progenitors into differentiation.
(A) Schematic representation of the Pitx1–Pax7 transgene. (B–D)
Pitx1–Pax7 E17.5 transgenic pituitary exhibiting severe loss of
pituitary tissue. Of four transgenic pituitaries that exhibited loss
of pituitary tissue, this transgenic founder retains only a small
fragment of Pax7-positive (red, B) tissue. Most cells are Pax7-
positive (C), and a fraction also expresses Sox2 (green; B). A
subset of cells coexpress Pax7 and Tpit (C) together with POMC
(red) and PC2 (green; D). (E–P) Transgenic embryo (E14.5)
showing expansion of Pax7-positive pituitary tissue extending
all the way to the oral ectoderm. (E,H) Hematoxilin/eosin stain
reveals expanded pituitary tissue that is largely positive for Pax7
expression (red in I compared with F). Tpit-positive cells are
present throughout this expanded pituitary (green; I), and these
cells express POMC (J). (K) The Pax7-positive expanded pituitary
has Pit1-positive (green) cells that sometime coexpress Pax7
(yellow). (L) In contrast, SF1-positive (green) cells within this
transgenic Pitx1–Pax7 tissue are never found to coexpress Pax7.
Expression of p57Kip2 (green/yellow; M), Ki67 (N), and Sox2 (O)
does not correlate with expression of Pax7. (P) The transgenic
tissue does not exhibit apoptosis, as assessed by cleaved cas-
pase3 immunoreactivity.
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Pax7 exerts its selector function through chromatin
reprogramming

In order to determine how Pax7 may exert its selector
function on cell differentiation, we expressed Pax7 in
AtT-20 cells, an established tissue culture model of
pituitary corticotrope cells. This was achieved using a
retrovirus-mediated Pax7 vector and compared with cells
infected with a similar empty vector conferring neomy-
cin resistance. For each, pools of at least 103 colonies were
expanded and characterized (Fig. 5A). These cells express
Pax7, as ascertained by Western blot, and this expression
does not affect Tpit levels but increased the melanotrope-
specific PC2 and slightly decreased GR levels (Fig. 5B). In

order to more broadly assess changes in gene expression
elicited by Pax7, we used RT-qPCR to quantify expression
of melanotrope- and corticotrope-specific genes in AtT-
20Pax7 compared with control AtT-20neo cells (Fig. 5C).
These analyses showed increased expression of mela-
notrope-specific genes such as PC2 and DrD2 and slight
repression of corticotrope-specific markers such as CRH-
R1, AVP-R1b, and GR. Pax7 expression thus exerts some
reprogramming of AtT-20 cells with a major effect on
activation of melanotrope genes and less repression of
corticotrope genes when compared with their relative
levels in the IL of Pax7�/� mice (Fig. 5C).

In order to investigate how Pax7 may reprogram AtT-20
cells, we conducted chromatin immunoprecipitation
(ChIP) combined with deep sequencing (ChIP-seq) for
Pax7 in AtT-20Pax7 cells. Genome-wide, this led to the
identification of 43,741 peaks of Pax7 recruitment with
a P-value $10�6; their characterization is described
below. Since Pax7 modulates POMC cell differentiation
that is primarily dependent on Tpit, we assessed whether
Pax7 altered Tpit action by performing Tpit ChIP-seq in
both AtT-20neo and AtT-20Pax7 cells (Supplemental Fig.
S4A). While the total number of Tpit sites (;11,000) is
similar in these cells, only 43% of all Tpit sites are the
same (conserved sites) in both (Fig. 5D; Supplemental Fig.
S4B). In contrast, ;35% of the Tpit sites present in AtT-
20neo cells were lost in AtT-20Pax7 cells: In general,
these tend to be weaker sites of lesser P-value, although
a subset of strong Tpit sites was completely lost. Finally,
a last subset of new Tpit sites (22%) appeared in AtT-
20Pax7 cells. Overall, 73% of Tpit sites are within 1 kb
of a Pax7 site. In view of this close relationship, we

Figure 5. Pax7 reprograms chromatin for Tpit action. (A)
Experimental scheme. (B) Western blot analysis of pools of AtT-
20 cells infected with empty retroviral vector (neo) or Pax7-
expressing vector (Pax7) for expression of Pax7, Tpit, PC2, and
GR as indicated. (C) RT-qPCR analysis of mRNA levels for the
indicated melanotrope- or corticotrope-specific genes. Data are
expressed as expression ratios in Pax7 over neo AtT-20 cells and
are compared with the corresponding expression ratios in wild-
type compared with Pax7�/� ILs. (D) Summary of relationships
between Pax7 and Tpit ChIP-seq data. A large fraction (73%) of
Tpit peaks is associated (within 1 kb) with Pax7 peaks. This
association is similar for Tpit peaks that are conserved in AtT-
20neo and AtT-20Pax7 cells and for Tpit peaks that are lost (neo)
or gained in AtT-20Pax7 compared with neo cells. The total
number of Tpit peaks is indicated below each subgroup, with the
fraction showing association with Pax7 peaks indicated between
parentheses. (E) Alignment of Pax7 and Tpit ChIP-seq, FAIRE-seq,
and H3K4me1 ChIP-seq profiles for the three subgroups of Tpit
peaks defined above. Data from AtT-20neo cells are shown in
blue, and data for AtT-20-Pax7 cells are in red. Pax7 ChIP-seq
profiles are shown in green. All data are aligned relative to Tpit
peak positions, and the profiles include data for 2.5 kb on each
side. Profiles were derived from the 500 best Tpit peaks in each
group. (F) H3K4me1 profiles for FAIRE-seq peaks that are
conserved (ratios between 0.8 and 1.2) in AtT-20neo compared
with AtT-20Pax7 cells and for FAIRE-seq peaks that appear (ratio
>3) in AtT-20Pax7 compared with AtT-20neo cells.
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investigated the effect of Pax7 on not only Tpit binding,
but also chromatin surrounding the binding sites. We
thus conducted FAIRE-seq (formaldehyde-assisted isola-
tion of regulatory elements [FAIRE] and deep sequencing)
(Giresi and Lieb 2009; Song et al. 2011) and ChIP-seq for
histone H3 Lys 4 methyl-1 (H3K4me1) that constitutes
chromatin marks of active regulatory sequences, partic-
ularly enhancers (Heintzman et al. 2007). While FAIRE
reveals regions of accessible DNA, likely nucleosome-
free, active enhancers are marked by a bimodal H3K4me1
signature. We assessed these chromatin marks at the
different subgroups of Tpit peaks (Fig. 5E). Whereas con-
served Tpit peaks present in both AtT-20neo and Pax7
cells exhibit the expected FAIRE-seq signal flanked by
H3K4me1 ChIP-seq signals, similar but weaker signa-
tures are also observed at Tpit sites that are lost in AtT-
20Pax7 cells, consistent with the idea that these sites
identify active regulatory sequences. The recruitment of
Pax7 to these sites likely reflects a transcriptional mod-
ulatory role of Pax7. A similar chromatin signature
(FAIRE peak with bimodal H3K4me1) appears at new
Tpit sites induced by Pax7 (Fig. 5E). Strikingly, this
signature is not present at these positions in AtT-20neo
cells; in fact, they exhibit a single peak of H3K4me1 and
no FAIRE signal (Fig. 5E). The appearance of active
chromatin marks in Pax7-expressing cells is consistent
with a pioneer transcription factor role of Pax7 that would
open chromatin to allow Tpit binding. In contrast, these
active chromatin marks are not erased at Tpit-binding
sites that are lost in AtT-20Pax7, but their intensity is
diminished, consistent with the greater ability of Pax7
to activate melanotrope genes than repress corticotrope
genes (Fig. 5C). In order to assess genome-wide whether
Pax7 leads to chromatin remodeling and whether chroma-
tin opening revealed by FAIRE is generally correlated with
the switch in H3K4me1 signature from single to double
peaks, we investigated these marks at all FAIRE-seq peaks
that are constant (i.e., ratio of 0.8–1.2 comparing AtT-
20Pax7 over neo cells) and at positions where a FAIRE peak
appears (ratio >3) in AtT-20Pax7 compared with neo cells.
Thus, conserved FAIRE peaks are associated with constant
H3K4me1 bimodal signatures, whereas the appearance of
new FAIRE peaks is associated with a shift from single to
bimodal H3K4me peaks (Fig. 5F). This switch in H3K4me1
profile is thus clearly associated with chromatin remodeling
and, in this instance, Pax7-dependent pioneering action.

Pax7, a pioneer transcription factor

The action of Pax7 that allows new Tpit binding has the
hallmark of so-called active pioneer factors (Zaret and
Carroll 2011), since its activity is associated with remod-
eling of chromatin (Fig. 5E,F). In order to better define this
activity, we analyzed our ChIP-seq data to identify Pax7
and Tpit DNA-binding sites. The search for conserved
motifs present under the Tpit-binding peaks identified
a predominant palindromic motif corresponding to the
TpitREpal (Fig. 6A; Supplemental Fig. S4C) that we pre-
viously identified in the POMC gene �7-kb enhancer
(Langlais et al. 2011). The TpitREpal contains two half-

sites related to TCACACC separated by 2 base pairs (bp);
a similar motif is present under 70% of Tpit-binding
sites revealed by ChIP-seq (Supplemental Fig. S4D). The
TpitREpal half-site corresponds to the previously de-
scribed Brachyury-binding site (Lamolet et al. 2001).

The search for conserved motifs at Pax7 ChIP-seq
binding sites revealed three motifs that are related to
each other and to previously identified binding sites for
other Pax factors (Soleimani et al. 2012). Indeed, a Pax7
motif (Fig. 6B; Supplemental Fig. S5A) comprised of
juxtaposed paired and HD motifs is most prevalent at
Pax7-only peaks (i.e., >3 kb away from Tpit sites) and at
Pax7 sites associated with new Tpit sites (Supplemental
Fig. S5B). As for the latter (Fig. 5E), the Pax7-only sites
that have a Pax7 motif are globally associated with
chromatin remodeling (and pioneer activity), as revealed
by FAIRE and H3K4me1 profiles (Fig. 6B). A large number
of Pax7 peaks do not have a complete Pax7 motif but
rather either of its half-sites, as they contain only paired
or HD motifs. Whereas Pax7 peaks that only have the HD
motif are clearly associated with pre-existing active FAIRE
and H3K4me1 marks (Fig. 6C), the peaks associated with
paired-only sequences have weaker marks and less clearly
bimodal H3K4me1 in AtT-20neo cells (Fig. 6D): This may
reflect the weaker conservation of the HD half of the Pax
motif and the associated difficulty for search algorithms to
identify it. Hence, these data suggest that Pax7 interaction
with the HD motif may not be sufficient for pioneer ac-
tivity, but the conclusion is less clear for the paired motif.
In contrast, the clear association of the full-length Pax7
motif with pioneer activity indicates that Pax7 interac-
tions with DNA that involve both paired and HD domains
represent the privileged mode of pioneering action.

The PC2 locus provides an interesting example of Pax7
action that allows Tpit recruitment and expression. The
PC2 gene lies within a 4-Mb region that is devoid of Tpit-
binding sites in AtT-20 cells and contains no other gene
that has altered expression in the Pax7�/� IL (Fig. 6E).
Pax7 binds several positions within this locus, but one
Pax7-binding site located at �146 kb relative to the PC2
transcription start site (TSS) is very close to an induced
Tpit-binding site (Fig. 6F). In fact, the well-conserved
Pax7 site present at the Pax7 peak is 337 bp away from the
TpitREpal present under the Tpit peak; there is also a
smaller Tpit peak that colocalizes with the Pax7 peak.
Consistent with a pioneering action of Pax7, binding of
Pax7 results in the appearance of a FAIRE peak flanked by
H3K4me1 peaks, indicative of chromatin remodeling
(Fig. 6F). Since Tpit does not occupy its �146-kb target
sequence in the PC2 locus in AtT-20neo cells, this suggests
that Tpit does not have pioneer activity, in contrast to
Pax7.

We assessed the putative enhancer properties of the
1.4-kb fragment that is delimited by the H3K4me1 profile
in AtT-20Pax7 cells and that corresponds to conserved
DNA sequences. When inserted upstream of the POMC
promoter, this fragment was inactive, but Pax7 enhanced
expression of the luciferase reporter, indicating that its
activity requires Pax7 (Fig. 6G). These data suggest that
Pax7 has at least two roles for transcription of the PC2
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gene: first, a pioneer activity that opens chromatin
structure at the �146-kb enhancer, and second, a canon-
ical transcription factor activity when Pax7 is bound to
the enhancer.

Discussion

Pax7, a selector gene that modulates Tpit-driven
differentiation

The role of Pax7 in the differentiation of the two pituitary
POMC lineages is unique in comparison with many other
transcription factors that have been implicated in cell fate
decisions. The role of Pax7 in this context may be the first
example of the selector gene concept developed to define
developmental fields >35 years ago by Garcia-Bellido
(1975). In order to delineate this role, it is interesting to
first discuss what Pax7 does not do in comparison with
the large number of transcription factors that have been
implicated in differentiation and cell fate decisions. First
and foremost, Pax7 is not a pituitary differentiation gene,
since its presence in the Tpit�/� IL is not sufficient to

drive differentiation. Also, Pax7 does not play a mainte-
nance role in the pituitary, as it does in muscle satellite
cells (Oustanina et al. 2004; Lepper et al. 2009). Thus, the
IL Pax7-positive cells are engaged in the differentiation
pathway but need Tpit to complete the process. In con-
trast, Tpit is truly a differentiation gene, since Tpit�/� IL
cells remain either nondifferentiated (Sox2/Pax7 double-
positive) or differentiate into the alternate gonadotrope
cell fate.

In normal IL development, progenitors would exit the
cell cycle under the action of p57Kip2 and switch on Pax7
expression followed by Tpit (Fig. 7). Tpit exerts a positive
feed-forward effect on Pax7 expression, and together,
these factors set up a melanotrope-specific gene expres-
sion program. In the absence of Pax7, this program shifts
to a corticotrope-like profile, in agreement with the im-
portance of Tpit for AL corticotrope differentiation
(Pulichino et al. 2003b). Pax7 thus has a dual role of ac-
tivating the melanotrope and repressing the corticotrope
programs (Fig. 7). In the absence of the terminal differen-
tiation function provided by Tpit, the IL accumulates
Pax7/Sox2 double-positive cells that either remain in an

Figure 6. Pax7 acts as a pioneer transcription factor. (A) Sequence of the TpitREpal motif identified by de novo search of sequences
(650 bp) flanking the Tpit ChIP-seq peaks. (B) The full-length Pax7 motif identified by de novo search of Pax7 ChIP-seq data together
with the associated FAIRE and H3K4me1 signals for the subgroup of peaks (650 bp) that contain only the Pax7 motif. (C) The HD motif
identified by de novo search of Pax7 ChIP-seq data together with FAIRE and H3K4me1 profiles present at peaks that contain only this
motif and neither Pax7 nor a paired motif. (D) The paired motif identified by de novo search of Pax7 ChIP-seq data together with FAIRE
and H3K4me1 profiles present at peaks that contain only the paired motif. (E) Overview of the PC2 locus showing Pax7 and Tpit ChIP-
seq data in neo compared with Pax7 cells. The diagram represents ;500 kb. (F) Blow-out of data around the �146-kb Pax7 peak
upstream of the PC2 gene. ChIP-seq data are shown for Pax7 (green), Tpit (brown), H3K4me1 (gray), and FAIRE (blue) in neo and Pax7
cells. (G) Luciferase activity of a reporter containing a POMC promoter with/without the �146-kb PC2 enhancer (1.4-kb fragment)
transfected in AtT-20 cells with/without the Pax7 expression vector as indicated.
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intermediate precursor state or switch fate to become
SF1-positive gonadotropes (Pulichino et al. 2003b).

Pax7 thus fits well within the original description of
selector genes as cell-autonomously acting genes that
provide positional identity and define developmental
fields. The highly restricted expression of Pax7 in the
pituitary IL thus defines the identity of this tissue relative
to the other pituitary lobes: the anterior and the posterior
pituitaries. However, the contribution of Pax7 to the estab-
lishment of a unique cell-specific genetic program is
critically dependent on and only realized after Tpit-driven
terminal differentiation. In promoting melanotrope-spe-
cific genes and repressing corticotrope-specific genes,
Pax7 provides tissue identity to the cell differentiation
process, as postulated for early-acting developmental se-
lector genes. The action of Pax7 is thus very different
from that of terminal differentiation genes, such as Tpit.
The role of Pax7 in IL pituitary cells represents the first
well-defined selector role for a transcription factor that
specifies compartment identity and modulates the dif-
ferentiation process.

Selector function is exerted through pioneer action

A major effect of Pax7 as a selector gene is the activation
of melanotrope-specific genes such as PC2 and DrD2.
Interestingly, the mechanism underlying these actions is
consistent with the concept of a pioneer transcription
factor (Zaret and Carroll 2011). Indeed, Pax7 expression in
AtT-20 cells results in many new Tpit-binding sites; for
example, at the PC2 and DrD2 loci (Fig. 6E,F). These new
Tpit-binding sites contain TpitREpal sequences that are
indistinguishable from other Tpit-binding sites active in
AtT-20 cells. The pioneer action of Pax7 at these putative
regulatory sequences creates a chromatin environment

that is permissive for Tpit binding. This environment
includes a FAIRE signal (similar to DNase-1-hypersensi-
tive regions) that has been associated with nucleosome-
free regions (Song et al. 2011). Another hallmark of these
regions is the presence of flanking peaks of H3K4me1
(Heintzman et al. 2007). This signature appeared in Pax7-
expressing cells at putative enhancers that were previ-
ously silent but marked by a single shallow peak of
H3K4me1 (Fig. 5E,F). This single peak may be a previously
unrecognized mark of silent enhancers, such as those
revealed by the presence of p300 (Heintzman et al. 2007).
The shift in the profile of H3K4me1 observed when
putative enhancers switch from silent to active may
reflect an important role of the flanking H3K4me1 peaks
in defining an ‘‘open’’ region of chromatin. The switch of
the H3K4me profile was correlated with chromatin
opening, as revealed by FAIRE independently of Pax7 or
Tpit peak positions (Fig. 5F), highlighting their genome-
wide correlation.

Pax factors have the ability to bind DNA through either
or both of their DNA-binding domains: the paired and HD
domains. It was recently reported that Pax7 may have
a higher affinity for HD motifs than the related Pax3 and
that this may account for the greater number of Pax7
targets (Soleimani et al. 2012). We found both paired and
HD motifs associated with Pax7 peaks (in agreement with
this study in muscle cells) but a high frequency of
juxtaposed sites that define the Pax7 motif (Fig. 6B). It is
noteworthy that many peaks have multiple copies of
these motifs but with no specific spacing (Supplemental
Fig. S5C). However, when we focused our analyses on
peaks that contain only one of these motifs (based on
search algorithms that are not fail-safe), we found the
highest frequency of Pax7 motifs associated with peaks
that exhibit chromatin opening (Fig. 6B) compared with
Pax7 peaks that contain only HD motifs (Fig. 6C) and that
have FAIRE and H3K4me1 profiles of accessible chromatin.

These data thus suggest that the Pax7 motif has a
greater pioneering potential than HD and possibly paired
domains on their own. Binding of Pax7 to these latter
motifs may thus be associated with canonical transcrip-
tion factor action, consistent with such a role for Pax7
action on the PC2 gene �146-kb enhancer (Fig. 6G).

While pioneer activity has been ascribed to Fox tran-
scription factors (Zaret and Carroll 2011) and associated
with epigenetic changes (Serandour et al. 2011), others have
argued that combinatorial action of lineage-determining
factors may suffice for cell fate determination (Heinz et al.
2010). Given that transcription factors may have both
pioneer and canonical transcription activator functions,
the association of preferred DNA motif-binding prefer-
ences and open chromatin profiles may be required to
demarcate these two properties and their gene targets.

Materials and methods

Mice, histology, and IHC

Tpit mutant and POMC-EGFP transgenic mice were described
previously (Pulichino et al. 2003b; Lavoie et al. 2008). Pax7

Figure 7. Pax7, a selector gene that modulates for Tpit-driven
differentiation. Schematic representation of differentiation for
pituitary POMC lineages: the IL melanotropes (aMSH) and AL
corticotropes (ACTH). Pax7 is expressed slightly before Tpit in
the IL, thus marking this tissue compared with the anterior
pituitary. Differentiation driven by Tpit then leads to expression
of a melanotrope-specific genetic program in the IL, whereas
Tpit differentiation leads to expression of corticotrope-specific
genes in the anterior pituitary. In IL melanotropes, Pax7 is both
a positive regulator of melanotrope-specific genes and a repressor
of corticotrope genes. Tpit exerts a positive feedback effect for
the maintenance of Pax7 expression in the IL. In Tpit�/�

pituitaries, cells destined to become POMC either switch fate
to acquired gonadotrope identity or remain blocked in a Pax7/
Sox2 double-positive state in the intermediate lobe.
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mutant mice (Mansouri and Gruss 1998) were provided by Mona
Nemer. IHC was performed on formalin-fixed paraffin-embedded
tissue sections, as described in Lamolet et al. (2001). Antibody
sources and dilutions are indicated in Supplemental Table 1. For
IHC, biotinylated anti-mouse or anti-rabbit secondary antibodies
(Vector Laboratories) were revealed with HRP-coupled strepta-
vidin (Perkin Elmer). Immunofluorescence was performed under
the same conditions using fluorescent (Alexa 488 or Alexa 546)
anti-mouse, anti-rabbit, or anti-guinea pig antibodies obtained
from Molecular Probe.

Animal experimentation was approved by the IRCM Animal
Ethics Review Committee. Studies using human samples were
approved by the IRCM Human Ethics Review Committee.

RT-qPCR and ChIP

For analysis of Pax7 knockout NIL mRNAs, mice were sacrificed
at P24, and RNA was prepared from dissected ALs and NILs.
RNA was extracted using RNeasy columns according to the
manufacturer’s recommendations (Qiagen), and cDNA was syn-
thesized using SuperScript III reverse transcriptase (Invitrogen)
and purified using QIAquick columns. qPCR was performed
using PerfeCta reagent (Quanta) on a MX-3005 device (Strata-
gene), and results were analyzed using the accompanying soft-
ware. All quantifications were relative to GAPDH or TBP mRNA
as stated in the figure legends. The primers used are provided in
Supplemental Table 2.

ChIP and ChIP-seq were performed and analyzed as described
(Langlais et al. 2012).

ChIP-seq peak-finding analysis

Sequence reads mapping to the mouse mm9 genome assembly
were performed with Bowtie using the following settings: bowtie
�t�trim5 1�best mm9 �S�chunkmbs 1024 (Langmead et al.
2009). About 95% of the sequence reads were mapped to the
reference genome. To identify significant binding events, we
processed the mapped sequence reads with MACS version 1.4.1
using a matching number of IgG control reads. We used the
following setting in MACS: �to-small�bw 250-g mm�wig
(Zhang et al. 2008). The MACS option –mfold was determined
with the prior diag option. The complete number of sequence
reads and peaks are listed in Supplemental Figure S4A. We kept
peaks with a P-value >10�5 and a length <5 kb.

To compare Tpit genomic recruitment in AtT-20 cells versus
AtT-20Pax7 cells, we used a similar number of reads (;67 mil-
lion reads after filtering) for each sample. To analyze the best
subgroups of new, conserved, and lost Tpit sites, we ranked the
peaks in each sample based on P-values and then compared their
ranking.

We generated the density profiles with MACS using these
attributes: �wig,�space 50.

De novo motif analyses

We extracted 100 bp of DNA sequence surrounding the binding
peaks from the University of California at Santa Cruz Web site
(Kent et al. 2002). The sequences of each cluster were processed
using MEME (Bailey et al. 2006) and HOMER (Heinz et al. 2010).
The following settings were used in MEME: �dna �nmotifs 5
�mod zoops �minsites 25. Graphical representation of the
position weight matrices obtained from these analyses were
generated with WebLogo (http://demo.tinyray.com/weblogo)
(Crooks et al. 2004).

Transcription factor-binding motif searches

We searched for sequence motifs in 60-bp fragments surrounding
ChIP-seq binding peaks using HOMER. The resulting occurrence
for each motif was compared with the number of predicted binding
sites in a set of 7311 randomly chosen genomic sequences.
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