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Abstract

Nuclear factor one (NFI) transcription factors are a group of site-specific DNA-binding proteins
that are emerging as critical regulators of stem cell biology. During development NFIs promote
the production of differentiated progeny at the expense of stem cell fate, with Nfi null mice
exhibiting defects such as severely delayed brain and lung maturation, skeletomuscular defects
and renal abnormalities, phenotypes that are often consistent with patients with congenital Nfi
mutations. Intriguingly, recent research suggests that in adult tissues NFI factors play a
qualitatively different role than during development, with NFIs serving to promote the survival
and maintenance of slow-cycling adult stem cell populations rather than their differentiation. Here
we review the role of NFI factors in development, largely focusing on their role as promoters of
stem cell differentiation, and attempt to reconcile this with the emerging role of NFIs in adult stem
cell niches.
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Introduction

A stem cell is an undifferentiated cell that has the capacity to retain stem cell identity
through self-renewal, and to differentiate to generate multiple cell types (Weissman, 2000).
Broadly speaking, there are two classes of stem cells, those present in the developing
embryo and those resident in adult tissues. In the developing embryo, each organ system has
a set of lineage restricted stem cells that proliferate in a continuous manner and which,
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through their differentiation, produce the post-mitotic cellular components of the particular
organ system in a relatively short period of time. In contrast, resident adult tissue stem cells,
which function to replace and repair tissue throughout life, comprise a relatively scarce and
long-lived cellular population. Because of this, a proportion of these cells exist in a non-
proliferative state (quiescence) for prolonged periods, thereby preserving the adult stem cell
pool by preventing proliferative stress and precocious commitment to differentiation
(Valcourt et al., 2012; Cheung and Rando, 2013).

A key determinant of stem cell proliferation and differentiation are the gene regulatory
networks governed by transcription factors. One group of transcription factors that is highly
expressed by stem cells during development, as well as by adult stem cells across a range of
tissue types, is the NFI family. The first NFI factor isolated was described as a host-encoded
protein required for the initiation of adenovirus replication (Nagata et al., 1982).
Subsequently, four genes encoding Nfi family members in mammals were isolated, namely
Nfia, Nfib, Nfic and Nfix (Rupp et al., 1990; Kruse et al., 1991). NFIs interact with double-
stranded DNA as either hetero- or homodimers by binding to the palindromic sequence
TTGGC(N5)GCCAA with high affinity, thereby activating or repressing gene transcription
depending on the cellular context and gene promoter (for an in depth review of these topics
see (Gronostajski, 2000)).

The expression pattern of NFIs during development was characterized over 15 years ago
(Chaudhry et al., 1997); from this study and subsequent analyses it has been demonstrated
that NFIs are highly expressed by embryonic stem and progenitor cells within the central
nervous system (CNS), lung and skeletomuscular tissue, amongst others. This initial
expression analysis, combined with the generation of Nfia null mice, provided the first
indicators that Nfi genes are important regulators of stem cell biology during development
(das Neves et al., 1999). Subsequent cellular and molecular characterization of Nfia, Nfib,
Nfic and Nfix null mice (see Table 1) demonstrated that NFI factors play multiple roles
during development that ultimately promote cellular differentiation, including activating
cell-type specific programs of gene expression and repressing the transcription of genes
encoding factors mediating stem cell self-renewal (Messina et al., 2010; Piper et al., 2010;
Lajoie et al., 2014). Consistent with their role in promoting stem and progenitor cell
differentiation during development, NFIs have been implicated in a number of
developmental disorders (Lu et al., 2007; Malan et al., 2010; Priolo et al., 2012; Yoneda et
al., 2012), and have been reported to act as tumor suppressors in some cancers, including
medulloblastoma (Genovesi et al., 2013).

Recently, the development of novel in vitro models and the use of conditional knockout
technologies have shown that NFIs are also important regulators of stem cell biology in
adult tissues, including melanocyte stem cells within the hair follicle niche (Chang et al.,
2013) and hematopoietic stem cells in adult bone marrow (Holmfeldt et al., 2013).
Intriguingly, in these studies, loss-of-function analyses did not lead to a delay in the
differentiation of the adult stem cell populations as would be expected based on the role of
NFIs during development. Instead, the removal of NFI function led to the loss of stem cell
quiescence, precocious differentiation and the loss, or cellular death, of the stem population.
In this review we discuss the role of NFI factors in development, largely as promoters of
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differentiated states, and reconcile this with the emerging evidence for NFIs as mediators of
quiescence and survival within adult stem cell niches.

NFIs drive stem and progenitor cell differentiation during development

Strong evidence points to a major role for NFIs during development in promoting
differentiation at the expense of stem cell self-renewal. NFIs carry out this role by exerting
multiple effects on stem cell populations that act cumulatively to promote differentiation.
Evidence for this role is found across a range of tissue types, including the CNS (Barry et
al., 2008; Piper et al., 2010; Heng et al., 2014), musculoskeletal system (Messina et al.,
2010; Pistocchi et al., 2013) and lung (Hsu et al., 2011) as well as in a range of other
contexts such as in the development of teeth (Park et al., 2007) and the mammary gland
(Murtagh et al., 2003; Nilsson et al., 2006).

NFlIs regulate both neuronal and glial lineages during CNS development

Within the developing CNS, neural stem cells give rise to post-mitotic cells in a temporally
distinct manner, first generating neurons and subsequently glia. These post-mitotic cells then
migrate away from the germinal zones of the developing brain and integrate into the
emerging cellular layers, where they terminally differentiate (Kriegstein and Alvarez-Buylla,
2009). Results to date have shown that NFIA, NFIB and NFIX all have multifaceted roles in
regulating neural stem and progenitor cell differentiation during development, including
driving the differentiation of stem cells within the developing cerebral cortex and neuronal
progenitors within the nascent cerebellum.

NFIs promote cortical neural stem cell differentiation

Radial glial cells are the principal class of stem cell in the developing cerebral cortex (dorsal
telencephalon), generating the majority of the post-mitotic neurons and glia present in the
mature cortex (Casper and McCarthy, 2006). During early development, radial glial cells,
which are located in the cortical ventricular zone, predominantly divide symmetrically to
expand the population of stem cells. As development progresses, radial glial cells switch to
dividing asymmetrically, generating a secondary pool of progenitor cells called transit
amplifying cells (or basal progenitors) that migrate to the subventricular zone region,
followed by glia such as astrocytes and oligodendrocytes (Kriegstein and Alvarez-Buylla,
2009).

NFIs were first implicated in regulating the differentiation of radial glial cells by expression
analyses. These studies revealed that NFIA, NFIB (Plachez et al., 2008), and NFIX
(Campbell et al., 2008) are all expressed within the ventricular zone of the telencephalon
from embryonic day 12 (E12) in mice until the end of corticogenesis. Subsequent
examination of the neocortical and hippocampal phenotype of Nfia and Nfix null mice
revealed that there was an expansion of the pool of radial glia from approximately E16
onwards, as identified through immunohistochemical staining for stem cell markers such as
PAX6 and SOX2 (Piper et al., 2010; Heng et al., 2014). Similarly, in a recent study
examining the neocortical and hippocampal phenotype of Nfib null mice, more PAX6-
positive stem cells were identified within the ventricular zone, indicating that in mice
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lacking Nfib, cortical stem cell populations are also expanded (Betancourt et al., 2014).
Despite the greater number of cortical radial glia within Nfia, Nfib and Nfix null mice at E16,
these mouse lines do not display a concomitant increase in the expression of the
intermediate progenitor cell marker TBR2 at this age (Piper et al., 2010; Betancourt et al.,
2014; Heng et al., 2014); nor do they display increased expression of the astrocytic protein
GFAP, which is instead dramatically reduced (Shu et al., 2003; Piper et al., 2010; Heng et
al., 2014). Therefore, these data argue that in the absence of NFIs radial glial cells fail to
differentiate down neuronal and glial lineages according to normal developmental timelines.
This results in severe morphological defects such as the dramatically reduced size of the
hippocampal dentate gyrus in postnatal Nfia and Nfix null animals (das Neves et al., 1999;
Heng et al., 2014).

Molecular studies and expression analyses suggest that NFIs may promote the
differentiation of radial glial cells into neurons and glia through a dual mechanism of
directly inducing glial (and potentially neuronal) specific gene expression, while repressing
the transcription of genes associated with the maintenance of stem cell populations (Fig. 1).
While earlier studies showed a decrease in glial-specific markers in Nfia (das Neves et al.,
1999) and Nfib null mice (Steele-Perkins et al., 2005), the first evidence that NFls directly
induce glial-specific gene expression came from rat cortical cell cultures. Here, a pan-NFI
antibody was used to demonstrate that NFIs occupy the Gfap promoter prior to the induction
of astrocyte differentiation, and that mutation of the NFI binding site correlates with reduced
GFAP expression (Cebolla and Vallejo, 2006). Subsequent to this, using an in vitro model of
cortical neural stem cells derived from mouse, Namihira et al. (2009) implicated NFIA as an
intermediary factor in the canonical Notch/JAK/STAT pathway, which functions
instructively during development to drive glial differentiation within the cortex. Specifically,
they demonstrated that activation of Notch signaling induced NFIA expression in cortical
neural stem cells, and that subsequent NFIA expression was correlated with disassociation
of the inhibitory factor DNA methyltransferase 1 from the Gfap regulatory region, and with
STATS3 binding site to the Gfap promoter. These findings illustrate that the regulation of
promoter methylation is another means by which NFIs may induce expression of the Gfap
locus. Intriguingly, recent studies in human neural progenitor cell cultures have further
shown that the NFIX-3 splice variant is also a potent activator of the GFAP promoter, in this
case through regulating nucleosome architecture and the recruitment of RNA polymerase to
the transcription complex rather than via the modulation of DNA methylation (Singh et al.,
2011). Together these findings illustrate the different ways in which NFIs can regulate the
molecular pathway driving Gfap expression during glial differentiation. The precise
mechanisms governing how NFI factors regulate the expression of other astrocyte specific
genes currently thought to be downstream of NFls, such as B-fabp (Bisgrove et al., 2000),
Foarcll (Wilczynska et al., 2009), Apcddl, Mmd2 and Zcche24 (Kang et al., 2012) are yet to
be determined.

Repression of stem cell self-renewal pathways represents a second, complementary
mechanism that may contribute to the delays in neuronal and glial development seen within
Nfi null mice. Work from our group has shown that two genes implicated in cortical stem
cell self-renewal, the epigenetic factor Ezh2 (Pereira et al., 2010) and the transcription factor
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Sox9 (Scott et al., 2010), are repressed by NFIB (Piper et al., 2014) and NFIX (Heng et al.,
2014) respectively in vitro, and that the expression of these factors is upregulated in null
mice. Similarly, we have also demonstrated that expression of the Hairy-Enhancer-of-Split
(Hes) genes Hesl and Hesb, which are key regulators of Notch signaling-induced stem cell
self-renewal, are upregulated in Nfia and Nfib null mice (Piper et al., 2010), suggesting that
NFIs may repress elements of the Notch pathway associated with self-renewal, while
simultaneously co-operating with the JAK/STAT element of the Notch pathway that
promotes glial differentiation (Figure 1). Collectively, these findings strongly support the
idea that NFIs promote cortical stem cell differentiation through direct activation of cell-
type-specific genes, while repressing the expression of loci that maintain stem cell fate.
Further studies are required to delineate the specific functions of each individual NFI factor
regulating the differentiation of cortical stem cell populations. Such studies will provide
insight into whether it is the overall level of NFI factors that is crucial, or whether each
individual factor regulates a unique set of genes. Next-generation genomic techniques such
as chromatin immunoprecipitation followed by sequencing (ChlP-seq) using antibodies
specific to individual NFI factors, combined with RNA sequencing (RNA-seq) of the
different Nfi null mouse lines, have the capacity to provide these answers.

NFIs promote cerebellar granule neuron development

NFI proteins also play key roles as transcriptional regulators during the development of the
most abundant neuron of the brain, the cerebellar granule neuron (reviewed in (Kilpatrick et
al., 2012)). Towards the end of embryonic mouse development (~E18), granule neuron
progenitors (GNPs) surround the primordial cerebellum, comprising a cell layer known as
the external granular layer (EGL). This represents the main secondary germinal site for
neurogenesis in the postnatal cerebellum. Granule neuron development from the EGL
provides an elegant system in which to explore the molecules that mediate the switch from a
proliferating neuronal progenitor cell to a terminally differentiated granule neuron (reviewed
in (Martinez et al., 2013)). Specifically, GNPs proliferate in the outer EGL before exiting
the cell cycle and commencing their migration inwards towards the internal granule layer
(IGL). Within the EGL, GNPs begin to differentiate, extending bipolar axons that form
fascicles of parallel fibres, and subsequently migrate tangentially before reaching the pre-
migratory zone of the EGL. Here, GNPs extend long radial processes and migrate down
through the molecular layer, to form the IGL. Within the IGL, GNPs complete the final
stages of maturation and terminally differentiate, extending dendrites that form synapses
with mossy fibres and additional neurons. Although a number of studies have contributed to
our current understanding of the signaling pathways responsible for driving the proliferation
of GNPs in the EGL (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Lewis et al., 2004),
what drives these cells to exit the cell cycle and ultimately differentiate to granule neurons
remains poorly understood.

The NFI transcription factors have now been shown to play key roles in the progressive

stages of post-mitotic GNP migration and differentiation. The identification of NFI proteins
as directly regulating the transcription of Gabra6, a gene expressed in differentiated granule
neurons residing in the IGL of the cerebellum (Kato, 1990), provided the first evidence of a
role for the NFI family as transcriptional regulators in GNPs (Wang et al., 2004). Following
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this, expression analyses of cerebellar tissue isolated from post-natal day 7 (P7) mice
suggested a role for these factors in the migration of GNPs to the IGL, with NFIA, NFIB
and NFIX being expressed by GNPs residing in the deeper pre-migratory zone of the EGL,
as well as by cells migrating through the molecular layer to the IGL (Wang et al., 2007).
Using a variety of tools to manipulate NFI function in GNP culture in vitro, Wang et al.
(2007) demonstrated that NFI proteins are critical for axon outgrowth and migration of post-
mitotic GNPs. These findings were confirmed in P6 cerebellar slice cultures, in which the
inhibition of NFI function induced the defasciculation of previously formed parallel fibres
within the pre-migratory zone of the EGL, and subsequently impeded the radial migration of
GNPs from the pre-migratory zone of the EGL to the IGL. In addition to these GNP
differentiation events within the pre-migratory zone of the EGL, studies in ex vivo cerebellar
slice cultures also revealed that the length and the number of dendrites formed from GNPs
once they had migrated to the IGL was disrupted by blocking NFI function. The cerebellar
phenotype of Nfia null mice is consistent with in vitro and ex vivo findings, with P17 Nfia
null mice exhibiting shortened and disorientated parallel fibres and retarded migration of
GNP cells within the cerebellum (Wang et al., 2007). Similarly, delayed GNP maturation
was also observed in Nfix-deficient mice; however this was not thought to be a consequence
of migratory defect of GNPs per se, but rather an overall delay in the development and
differentiation of GNPs (Piper et al., 2011). Together these data strongly implicate NFI
transcription factors in regulating various aspects of GNP maturation, including the switch
from an immature, proliferating GNP to a post-mitotic GNP that has commenced its
migration.

More recent studies have begun to elucidate the transcriptional targets of the NFIs that
mediate both the early and late stages of GNP maturation. The cell adhesion molecules N-
cadherin and ephrin-B1 have been identified as NFI gene targets responsible for mediating a
range of differentiation defects, consistent with previous studies demonstrating their role in
the migration of GNPs (Karam et al., 2000; Taniguchi et al., 2006). Functional inhibition of
ephrin B1 or N-cadherin in GNPs in vitro and in ex vivo cerebellar slice cultures disrupts
axon extension, migration and dendrite formation, with both proteins also reduced in
migrating GNPs in the molecular layer and IGL of Nfia null mice (Wang et al., 2007). One
subsequent study has identified an additional cell adhesion molecule, Tagl, as an NFI
downstream target implicated in post-mitotic GNP differentiation (Wang et al., 2010). More
recently, the NFI family has been demonstrated to play a central role in regulating a
developmental switch program in GNPs during late stages of maturation, whereby genes
required for mature granule neuron function, including dendrite and synapse formation, are
up-regulated at the expense of genes expressed in more immature GNPs (Ding et al., 2013).
This NFI-mediated late developmental switch was shown to be linked to the membrane
potential of GNPs, whereby depolarization maintains immature GNPs via the activation of
the calcineurin/ nuclear factor of activated T-cells, cytoplasmic (NFATc) pathway. NFATc
was found to occupy and block the promoters of the late-expressed NFI genes. However, as
GNPs begin to mature and undergo a hyperpolarizing shift in membrane potential, NFATc
binding subsides, allowing the NFI family of proteins to bind to promoters of late-
expressing genes in GNPs and induce dendrite formation.
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Together, these data indicate the importance of NFI family members as critical regulators of
a gene network that orchestrates several stages of GNP maturation, including axonogenesis,
radial migration, dendritogenesis and synaptogenesis. Further advances are required to
identify additional target genes of NFI family members in GNP development and to
delineate the overlapping and non-overlapping roles of each NFI family member.

NFIs are implicated in medulloblastoma tumorigenesis

Given the central role of NFI family members in GNP differentiation, it is perhaps not
surprising that NFI family members have recently been implicated in medulloblastoma, a
disorder of GNP proliferation and differentiation. Medulloblastoma is a common malignant
brain tumour of childhood, and certain subtypes of this disease have long been known to
arise from GNPs of the EGL (Marino et al., 2000; Oliver et al., 2005; Schuller et al., 2008).
Recently, a number of studies have identified NFI factors as being involved in
medulloblastoma tumorigenesis, with transposon-mediated inactivation of Nfia, Nfib and/or
Nfix shown to accelerate medulloblastoma initiation and/or progression in mouse models of
medulloblastoma derived from GNPs (Wu et al., 2012; Genovesi et al., 2013; Lastowska et
al., 2013). Indeed, a role for Nfia in medulloblastoma formation in vivo was recently
supported by data showing that combined haploinsufficiency for both Nfia and Ptchl
exacerbated tumour development compared to the Ptchl haploinsufficiency alone (Genovesi
et al., 2013). Given the role of NFIA in the regulation of GNP differentiation, these findings
further emphasize the link between the differentiation status of GNPs and the development
of medulloblastoma. A similar role was previously observed for proneural transcription
factor Math1, whereby the overexpression of Math1l blocked the trajectory of GNP
differentiation, thereby significantly increasing tumour incidence and reducing tumour
latency (Ayrault et al., 2010). Collectively, these studies demonstrate that medulloblastoma
development is strongly linked to the differentiation status of GNPs. As such, further studies
are required to assess the relevance of other NFI family members in medulloblastoma and to
define the repertoire of target genes regulated by this family of transcription factors relevant
to tumour development.

NFIX promotes the embryonic to fetal myoblast transition during musculoskeletal
development

Another developmental context in which NFIs have been shown to drive the differentiation
of stem and progenitor cells by activating cell-type-specific programs, while repressing the
undifferentiated states of parental cells, is in the formation of the musculoskeletal system.
With respect to muscle development, NFIX has been shown to activate an important
transcriptional transition within muscle progenitors (myoblasts). Muscle development occurs
in two stages, with each stage requiring distinct myoblast populations (Tajbakhsh, 2005;
Biressi et al., 2007a). The first stage of muscle development or “primary myogenesis' occurs
from E10-E12.5 in mice. During this initial phase a small fraction of the myoblast pool,
referred to as “embryonic myoblasts', terminally differentiate, fuse and give rise to the
multinucleated muscle fibers. The remaining myoblast population remains committed to the
muscle lineage but exists in an undifferentiated state until secondary myogenesis takes place
between E14.5 and E17.5 (Relaix et al., 2005). Myoblasts that participate in secondary
myogenesis are called fetal myoblasts. Embryonic myoblasts and fetal myoblasts represent
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two distinct progenitor cell populations that produce muscle fibers that differ in morphology
and in the myosin heavy chain (MyHC) isoforms and enzymes that they express (Barbieri et
al., 1990; Zappelli et al., 1996; Ferrari et al., 1997; Biressi et al., 2007b).

To determine the molecular players that regulate this embryonic to fetal myoblast
transcriptional switch, Biressi et al. (2007b) performed a genome wide-expression analysis
on purified embryonic and fetal myoblasts and identified Nfi genes as potential candidates
for this process. The expression of all four Nfi genes was robustly induced in fetal
myoblasts, particularly Nfix, which was highly expressed in fetal myoblasts but virtually
absent from the embryonic myoblast population. Functional analyses revealed that, similar
to the role of NFIs in the development of the CNS, NFIX acted as a binary switch during the
embryonic-fetal myoblast transition, inducing fetal-specific gene transcription while
repressing the expression of genes associated with embryonic myoblasts. More specifically,
conditional deletion of Nfix using a muscle-specific MyoD promoter prevented the initiation
of fetal-specific transcription at E16; whereas in a gain-of-function mouse line
overexpressing NF1X, fetal-specific genes were precociously expressed and embryonic
myoblast gene expression was down-regulated (Messina et al., 2010). Molecular analysis
demonstrated that these changes in gene expression were due to direct regulation by NFIX,
with NFIX activating the expression of the fetal-specific gene Mck by forming a
transcriptional complex with MEF2 and the kinase PKC-theta, and blocking the expression
of the embryonic myoblast protein, slow MyHC, by suppressing its transcriptional activator
NFATc4 (Calabria et al., 2009).

The musculature of Nfix loss- or gain-of-function embryos demonstrated the importance of
correctly coordinating the embryonic-to-fetal transcriptional switch. Loss-of-function
embryos were much smaller and the muscle fibers in hind-limb sections were disorganized,
whereas in gain-of-function embryos the reciprocal phenotype was observed. Collectively,
these molecular and anatomical experiments showed that NFIX plays a vital role during
muscle development by activating the expression of fetal genes and repressing embryonic
gene expression, a function that has recently been shown to be mostly conserved across
evolutionary phyla (Pistocchi et al., 2013). Future experiments examining the role of NFIX
in muscle development should examine whether NFIX regulates the differentiation of a third
type of myogenic progenitor, the satellite cell. These cells act as adult stem cells that
regenerate muscular tissue in response to injury or exercise (Collins et al., 2005; Biressi et
al., 2007a). Due to the emerging role of Nfi genes in other adult stem cell niches (see Nfisin
adult stem cell niches), this avenue of research is of particular interest.

NFIX also appears to have a role in the development of the skeleton. Mis-sense or
dominant-negative mutations in Nfix are causative factors of Sotos syndrome and Marshall-
Smith syndrome respectively (Malan et al., 2010; Yoneda et al., 2012). Both of these
disorders are characterized by overgrowth and cognitive deficits, as well as skeletal defects
such as kyphosis (curvature of the spine), advanced bone age and reduced bone density with
increased propensity to fracturing. Although there is not currently a mechanistic
understanding of how NFIX confers the skeletal phenotype of these disorders, similar
skeletal defects including kyphosis and reduced bone density are observed in Nfix null mice;
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this mouse line may therefore provide a suitable model to probe this aspect of NFIX
function (Driller et al., 2007; Harris et al., 2013).

Similarly, in addition to Nfix, Nfic has recently been shown to play an important role in
postnatal bone formation. Nfic™/~ mice were shown initially to have severe defects in
postnatal tooth development (Steele-Perkins et al., 2003). These postnatal tooth defects
appear to be mediated at least in part by antagonistic interactions between NFIC and the
TGF-B signaling pathway during tooth development (Lee et al., 2011). In addition, NFIC
interacts with TGF-f signaling during postnatal wound healing (Plasari et al., 2010)
suggesting that NFIC-TGF-p interactions may represent a recurrent theme in postnatal NFIC
function. More recently, NFIC has been shown to play a major role in postnatal osteoblast
maturation through the regulation of the key osteoblast transcription factor Osterix (Lee et
al., 2014). Of interest, no such effect on osteoblast formation was seen during fetal bone
formation. Thus NFIC appears to have important roles in development primarily during the
postnatal period.

Mesenchymal NFIB regulates lung development

NFIs have also been implicated in the development of a range of epithelial appendages,
including the formation of teeth, and the development of the mammary glands (Kannius-
Janson et al., 2002; Murtagh et al., 2003; Johansson et al., 2005), hair follicles (Plasari et al.,
2010) and digestive tract (Driller et al., 2007). However, the best understood function of
NFIs during epithelial appendage formation is during lung development, where NFIB has
recently been shown to drive lung epithelial cell differentiation at the expense of stem and
progenitor cell proliferation.

NFIB was linked to lung development by the observation that Nfib null mice die within 15
minutes postpartum due to respiratory stress, a phenotype not seen in other Nfi null mice
(Grunder et al., 2002). Prenatal mouse lung development has four distinct stages. In the
embryonic state (~E9.5-E10.5) the lung bud extends from the primitive gut endoderm and
bifurcates. In the pseudoglandular stage (~E11-E16.5), the paired lung buds invade the
mesenchyme to form an undifferentiated primordial bronchiole tree, and in the canalicular
stage (E16.5-E17.5), the terminal sacs lined with epithelial cells develop, a process that is
accelerated during the saccular stage (~E17.5-P5), during which further differentiation and
diversification of epithelial cell sub-types occurs (Costa et al., 2001). Initial analyses of Nfib
null mice demonstrated that lung development was apparently normal until E15.5, at which
point development was arrested, with mutant lungs failing to form lung saccules (Steele-
Perkins et al., 2005). Underpinning this gross histological phenotype was an increased
proportion of proliferating cells in mutant lungs (Hsu et al., 2011; Holmfeldt et al., 2013)
and a dramatic failure of differentiation of lung epithelial cell sub-types, including alveolar
epithelial cells and bronchiolar exocrine cells in the distal lung, and ciliated cells in the
proximal lung (Hsu et al., 2011). Collectively, these lines of evidence pointed to NFIB
having a role in promoting lung epithelial differentiation at the expense of stem and
progenitor proliferation during development.

Although the precise mechanism by which NFIB exerts this function is not clear, two recent
studies have provided significant insights into this. Firstly, evidence from Hsu et al. (2011)
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suggests that NFIB may regulate lung epithelial cell differentiation though a non-cell-
autonomous means. In this study the authors demonstrated that NFIB was predominantly
expressed in the lung mesenchyme during development, and that conditional deletion of Nfib
from the mesenchyme almost entirely recapitulated the defects in lung epithelial cell
differentiation observed in Nfib null mice. Secondly, Lajoie et al. (2014) hypothesized that
mesenchymal NFIB might regulate lung development in conjunction with the glucocorticoid
receptor (GR). Similar to the phenotype in Nfib mutants, disruption of the gene encoding
GR, Nr3cl, results in an immature lung phenotype in mice, with excess cellular proliferation
and reduced expression of markers of epithelial cell differentiation (Cole et al., 1995). Using
microarray data from lung tissue derived from both Nfib and Nr3c1 null mice at E18.5 the
authors demonstrated that of the mis-regulated genes, 52 were under-expressed in both null
lines, an overlap that was approximately 13 times larger than that expected by chance,
suggesting that a subset of these genes may be directly activated by the coordinated activity
of NFIB and GR proteins (Lajoie et al., 2014). These results are particularly significant as
prenatal administration of glucocorticoids can stimulate lung maturation in premature
infants (Seckl, 2004), suggesting that further characterization of the regulatory relationship
between NFIB and GR may be of clinical value in treating lung immaturity.

Genetic redundancy of Nfis during development

Genetic redundancy is where two or more genes perform similar functions so that
inactivation of one of these genes has no or little phenotypic effect. So far to date there is
limited evidence that NFIs have redundant functions. For example, in the developing CNS
inactivation of Nfia, Nfib or Nfix alone, is sufficient to render severe forebrain defects (Shu
et al., 2003; Steele-Perkins et al., 2005; Campbell et al., 2008). Likewise in the developing
cerebellum, NFIA, NFIB and NFIX are alone functionally required for normal development
(Steele-Perkins et al., 2005; Wang et al., 2010; Piper et al., 2011). Interestingly however,
these knockout mice still exhibit broadly similar phenotypes, suggesting that the overall
level of NFI expression is more important than the function of individual Nfi genes during
CNS development. In support of this, haploinsufficiency for NFIA or NFIX has been
implicated as causative factors in neurodevelopmental disorders, and mice lacking one
functional copy of Nfix display cognitive and neuroanatomical defects (Lu et al., 2007;
Malan et al., 2010; Harris et al., 2013).

One potential scenario where NFIs may function redundantly is during lung development.
Nfib null mice die from severe respiratory distress (Grunder et al., 2002), and, although Nfia,
Nfic and Nfix are all expressed during lung development, none of these knockout mouse
lines exhibit obvious lung defects. This indicates that loss of these factors alone is
insufficient to adversely affect lung development, which could be due to genetic
redundancy. One way to test this hypothesis would be to closely examine the lung
phenotype of Nfia and Nfic (or Nfix) null mice. If neither of these null lines display clear
lung phenotypes, the generation of a double Nfia/Nfic knockout mouse line with a
subsequent lung phenotype would indicate redundancy.
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NFIs in adult stem cell niches: a putative function in cell-cycle regulation

and survival

In addition to being important regulators of stem cell biology during development, NFIs are
highly expressed by adult tissue stem cells (see Table 2.). Most mammalian adult tissues
contain a resident stem cell population, which functions to repair and regenerate tissue in
response to stress or injury throughout the life of the organism (Cheung and Rando, 2013).
A cardinal feature of adult tissue stem cells, even in high-turnover tissue such as the skin
and the intestines, is that a proportion of the stem cell population resides outside the cell-
cycle (being quiescent) for long periods of time, preventing metabolic and proliferative
stress and thereby preserving genomic integrity and stem cell function (Valcourt et al.,
2012).

The perinatal lethality of Nfia and Nfib null mice, and the severe developmental defects of
viable Nfix null pups had until recently precluded analysis of NFI function in adult stem cell
compartments. However, studies employing conditional knockout strategies and/or in vitro
models have begun to uncover NFI function in these cellular populations. Intriguingly, these
studies suggest that, in adult tissue, NFI factors play a contrasting role to that during
development, serving to promote quiescence and/or survival of stem cells, rather than their
differentiation (Chang et al., 2013; Holmfeldt et al., 2013; Martynoga et al., 2013).

NFIB coordinates quiescence in melanocyte stem cells

The first of these studies (Chang et al., 2013) examined the role of NFIB in stem cells of the
hair follicle niche. Previously, NFIB expression had been shown to be elevated in hair
follicle stem cells (HFSCs) relative to their differentiated progeny (hair cell), which led the
authors to hypothesize that NFIB might be a key regulator of this niche (Tumbar et al.,
2004). Normal hair production occurs in three phases: anagen (growth), catagen (cessation)
and telogen (quiescence). Upon initiation of a new hair cycle (anagen phase), HFSCs and
melanocyte stem cells enter the cell cycle in synchrony, enabling hair growth and
pigmentation. Conditional deletion of Nfib from HFSCs failed to lead to HFSC stem cell
lineage defects; instead, surprisingly, it led to melanocyte lineage abnormalities at the niche
base. Specifically, differentiated melanocytes were ectopically found in the stem niche
during the quiescent telogen phase. The authors demonstrated that these ectopic cells were
caused by the precocious proliferation and differentiation of melanocyte stem cells,
demonstrating that NFIB expression in HFSCs inductively coordinates quiescence in the
melanocyte stem cell population during hair cycling, significantly increasing our
understanding of how synchronous stem cell proliferation and differentiation within this
adult hair follicle niche is regulated. Interestingly the authors found that upregulation of a
single NFIB target, endothelin 2 (Edn2), identified through RNA-seq and ChlP-seq analyses
was sufficient to phenocopy the effect of conditional Nfib deletion. As some endothelins
such as Edn3 are crucial molecules for melanocyte specification during embryogenesis
(Baynash et al., 1994), it will be important to examine whether NFIs also function in
melanocyte development. Moreover, defining the role of NFIs within epithelial cancers
remains an open question, with an initial study having found NFIB to be amplified and/or
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present at oncogenic chromosomal breakpoints in the epithelial based small cell lung cancer
(Dooley et al., 2011).

NFIX is a mediator of quiescence in neural stem cells

As with NFIB within the hair follicle niche, in vitro studies have recently implicated NFIX
in mediating quiescence in neural stem cells (Martynoga et al., 2013). Due to the relatively
low turnover of stem cells in the adult brain, the majority of stem cells in the adult brain are
quiescent (Suh et al., 2007). In an attempt to identify the transcription factors that regulate
quiescence in adult neural stem cells, Martynoga and colleagues (2013), employed an in
vitro model of neural stem cell quiescence. Specifically, they artificially induced a state of
cellular quiescence by exposing a highly proliferative neural stem cell line derived from
pluripotent embryonic stem cells to BMP4, a known cell-extrinsic mediator of adult neural
stem cell quiescence (Mira et al., 2010; Sun et al., 2011). Epigenomic profiling was then
used to identify active enhancer regions in both proliferating and quiescent neural stem cells.
Subsequent motif analysis demonstrated that the binding domain of NFI transcription factors
was highly enriched in active enhancer regions of the quiescent neural stem cell population.
Next, using ChlP-seq with a pan-NFI antibody, the authors demonstrated that NFI proteins
bound to 73% of the quiescent specific-enhancers, and that one member of the NFI family,
NFIX, was robustly induced in quiescent neural stem cells, whereas NFIA and NFIB were
down-regulated (Martynoga et al., 2013). These findings provided tantalizing evidence that
NFIX actively regulates cellular quiescence within this paradigm, a hypothesis that was
further supported by both gain-of-function experiments and by knockdown of Nfix
expression through the use of RNAi molecules.

While this study strongly implicates NFIX as a central regulator of quiescence in neural
stem cells, there are caveats to these findings. Firstly, modeling neural stem cell quiescence
in vitro removes the influence of the cellular environment, which can dramatically alter stem
cell behavior. Indeed, signals within the stem cell niches of the adult brain have been shown
to greatly influence proliferation and differentiation of neural progenitor cells (Ming and
Song, 2011). Moreover, as neural stem cell quiescence was modeled using a neural stem cell
line derived from pluripotent embryonic stem cells, it is difficult to know how closely these
findings recapitulate the epigenomic landscape of adult neural stem cells in vivo. The
authors did attempt to address this limitation by examining the phenotype of Nfix null mice,
and found a significantly reduced proportion of quiescent stem cells within the hippocampal
dentate gyrus at P20. However, due to the significant developmental defects of this mutant
line (see Table 1), it is difficult to definitively determine if the phenotype observed was due
to a reduction in stem cell quiescence in the mutant, or was a reflection of the delayed
maturation of the mutant dentate gyrus (Heng et al., 2014). Conditional knockout models to
specifically delete Nfix from quiescent adult neural stem cell populations in vivo will provide
the data required to determine if the findings in this in vitro model accurately reflect
processes in the adult brain.

NFIX promotes survival of hematopoietic stem and progenitor cells

NFIX has also been shown to have a critical role in the survival of hematopoietic stem cells
(HSCs) in adult bone (Holmfeldt et al., 2013). HSCs maintain hematopoiesis throughout
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life, self-renewing and also differentiating to give rise to all major lineages of the peripheral
blood. Furthermore, after chemotherapy or irradiation, infused HSCs have the remarkable
capacity to target the bone marrow stem cell niche and to repopulate the entire hematopoetic
cellular cohort. Holmfeldt and colleagues (2013) found that NFIX was highly expressed in
HSCs and that silencing of NFIX expression in HSCs greatly reduced repopulation capacity
in lethally irradiated mice. Molecular analyses demonstrated that this phenotype was not due
to the inability of NFIX-depleted HSCs to target the niche, but rather was a result of
increased levels of apoptotic cell death after establishment within the niche. Consistent with
this, Nfix knockdown led to significant down-regulation of genes associated with HSPC
survival demonstrating that NFIX maintains the adult HSPC population post-transplantation
by preventing apoptotic death through a cell-autonomous means. While these data clearly
indicate a role for NFIX in survival of HSCs post-transplantation it is unclear whether NFIX
is functionally important in steady-state (homeostatic) blood production. Indeed, because
Nfix null mice survive up to 3 weeks after birth (see Table 1) this suggests that NFIX may be
dispensable for homeostatic blood production. Conditional deletion of Nfix from HSCs in
vivo, which will circumvent the premature lethality and skeletal defects of the Nfix null line
would provide a suitable model to address this question.

NFI function during development versus NFI function in adult stem cells

While further testing of the different NFI factors across a broader range of adult stem cell
niches is required, initial loss- or gain-of-function experiments suggest that NFIs serve to
mediate quiescence and/or survival of adult stem cell populations (Chang et al., 2013;
Holmfeldt et al., 2013; Martynoga et al., 2013). These findings appear inconsistent with one
of the major functions of NFI factors during development, which is to promote stem and
progenitor cell differentiation. What could account for the unexpected findings from these
studies? The simplest explanation is that NFI factors or a subset of NFI factors regulate
different sets of genes in adult stem cells compared with stem and progenitor populations
during development. A powerful way to test this hypothesis could use next-generation
sequencing techniques such as ChlP-seq on embryonically derived stem and progenitor cell
populations, and compare these datasets with those ChIP-seq experiments performed on
stem and progenitor populations isolated from adult tissue. A second potential way to test
the hypothesis that NFI factors function differently in developmental versus adult contexts
would be to examine pathologies in cancers of differential origin. For example, if NFIs drive
differentiation during development, then it is a strong possibility that inactivating mutations
in Nfi genes will be identified in developmental based cancers. Indeed, as discussed in this
review, there are a number of recent studies that have shown a potential role for inactivating
mutations in NFIs in contributing to medulloblastoma, the most common childhood brain
cancer (Wu et al., 2012; Genovesi et al., 2013; Lastowska et al., 2013). It might therefore be
interesting to determine whether NFIs act as oncogenes in adult-derived cancers, particularly
as these cancers are thought to be caused by deregulated or chronic repair mechanisms,
whereby stem cells are recruited to repopulate tissues. Currently, however, there are only a
limited number of examples in which NFIs have been identified as putative oncogenes such
as small cell lung cancer (Dooley et al., 2011) and glioblastoma (Glasgow et al., 2013).
Furthermore, this approach is limited in that the high degree of heterogeneity within many
forms of cancer may make the contribution of misregulated NFI expression to cancer
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progression difficult to ascertain. Therefore, a more fruitful approach to understand the
differences in NFI function across developmental and adult contexts might be to introduce
targeted mutations in a temporally controlled manner using conditional and inducible
technologies.

Avre there any phenotypic similarities in the NFI loss-of-function experiments performed
during development versus those in adult stem cell niches? A common phenotype observed
in Nfi null mice during development and in loss-of-function experiments performed in adult
tissue is an initial increase in the number of proliferating cells. Considering the stem cell
differentiation defects of Nfi null mice, this increase in proliferating cells during
development is at least in part due to increased self-renewal, and delayed differentiation.
However, it is yet to be directly tested as to whether the cell cycle is also deregulated
amongst these stem cell populations, which could also contribute to the overall
developmental phenotype of the null mice. Future research aimed at establishing to what
extent NFIs directly regulate cell-cycle dynamics during development, as is observed in the
adult, should yield further insight into the differences and similarities in NFI function across
early developmental and adult contexts. This will enhance our understanding of the role of
NFIs in stem cell biology more broadly, and the involvement of these transcription factors in
developmental disorders and cancer.
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Figure 1.
NFIs promote neural stem cell differentiation
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NFIs repress the expression of genes associated with self-renewal of neural stem cells, and
activate the expression of genes associated with neuronal and astrocyte differentiation. In
this instance, NFI target genes were defined as misregulated genes identified via loss- or
gain-of-function experiments which were further validated as downstream NFI targets via
techniques such as ChIP-PCR, luciferase assays and gel-shift assays. *No direct NFI targets
associated with the oligodendrocyte lineage have yet been identified. References: (Piper et
al., 2014), 2(Heng et al., 2014), 3(Piper et al., 2010), 4(Cebolla and Vallejo,
2006), 5(Namihira et al., 2009), 6(Singh et al., 2011), /(Gopalan et al., 2006), 8(Bisgrove et
al., 2000), ®(Wilczynska et al., 2009), 10(Kang et al., 2012), 1}(Ding et al., 2013), 12(Wang

et al., 2004), 13(Wang et al., 2007), 14(Wang et al., 2010).
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Table 1

Summary of major phenotypes identified in Nfi null mice.
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Phenotype

Survival

CNS

Lung

Muscle and
skeletal
tissue

Other

NfiaKO

Majority die at birth (das Neves

etal., 1999).

Delayed glial and neuronal
differentiation (Piper et al.,

2010). Corpus callosum agenesis.

Communicating hydrocephalus

(das Neves et al., 1999).

No obvious phenotype. Expressed

in developing lung (Steele-
Perkins et al., 2005).

No gross skeletal defects (das
Neves et al., 1999).

Musculature not examined,

expressed by muscle progenitors

(Biressi et al., 2007b).

Abnormal ureteropelvic and

ureterovesical junctions, bifid and

megaureter (Lu et al., 2007).

Nfib KO

All die at birth (Grunder et
al., 2002).

Delayed glial and neuronal
differentiation (Barry et
al., 2008; Betancourt et al.,
2014; Piper et al., 2014).

Severe lung hyperplasia.
Die from respiratory
defects (Steele-Perkins et
al., 2005).

Skeletal and muscular
phenotype not examined.
Expressed by muscle
progenitors (Biressi et al.,
2007b).

Nfic KO

Survive to adulthood
(Steele-Perkins et al., 2003).

Phenotype not examined.
Weak expression detected in
developing CNS (Chaudhry
etal., 1997).

Corpus callosum dysgenesis
(Steele-Perkins et al., 2005).

Phenotype not examined.
Expressed in developing
lung (Steele-Perkins et al.,
2005).

Skeletal and muscular
phenotype not examined.
Expressed by muscle
progenitors (Biressi et al.,
2007b).

Multiple tooth pathologies
(Steele-Perkins et al., 2003).

Wound healing defects
(Plasari et al., 2009).

Nfvc KO

Postnatal lethal (3—4
week)

Delayed glial and neuronal
differentiation (Heng et
al., 2014).

Corpus callosum
dysgenesis (Plachez et al.,
2008).

Phenotype not examined.
Expressed in developing
lung (Steele-Perkins et al.,
2005).

Reduced and disorganized
musculature (Messina et
al., 2010).

Kyphosis and reduced
bone density (Driller et al.,
2007).
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Summary of known expression and/or function of NFIs in adult stem cell populations.

Table 2
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Adult neural
stem cells

Adult
haematopoietic
stem cells

Hair follicle

Adult muscle

progenitors
(satellite cells)

Nfia

Expressed in stem cell
niches of adult CNS.
(Plachez et al., 2008;
Plachez et al., 2012)

Moderate-high expression
in adult whole bone
marrow. Loss of
repopulating potential after
knockdown (Holmfeldt et
al., 2013).

No increase in transcript
levels within HFSCs
relative to progeny
(Tumbar et al., 2004).

Expression unknown.

Nfib

Expressed in stem cell
niches of adult CNS.
(Plachez et al., 2008;
Plachez et al., 2012)

Low expression.
(Holmfeldt et al., 2013).

Transcript levels are
elevated in HFSCs relative
to progeny. (Tumbar et al.,
2004). (Tumbar et al).

Coordinates quiescence in
melanocyte stem cells
(Chang et al., 2013).

Expression unknown.

Nfic

Expression not examined.

Moderate-high expression in
adult whole bone marrow.
(Holmfeldt et al., 2013).

No increase in transcript
levels within HFSCs relative
to progeny (Tumbar et al.,
2004).

Expression unknown.

Nfix

Expressed in stem cell
niches of adult CNS.
Implicated in neural stem
cell quiescence. (Campbell
et al., 2008; Martynoga et
al., 2013)

Highly expressed in adult
bone marrow. Promotes
survival of HSCs and
thereby repopulating
potential. (Holmfeldt et al.,
2013).

No increase in transcript
levels within HFSCs
relative to progeny (Tumbar
etal., 2004).

Expression unknown.
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