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Abstract

Mutations in the Aristaless related homeodomain transcription factor (ARX) are associated with a
diverse set of X-linked mental retardation and epilepsy syndromes in humans. Although most
studies have been focused on its function in the forebrain, ARX is also expressed in other regions
of the developing nervous system including the floor plate (FP) of the spinal cord where its
function is incompletely understood. To investigate the role of Arx in the FP, we performed gain-
of-function studies in the chick using in ovo electroporation, and loss-of-function studies in Arx-
deficient mice. We have found that Arx, in conjunction with FoxA2, directly induces Sonic
hedgehog (Shh) expression through binding to a Shh floor plate enhancer (SFPE2). We also
observed that FoxA2 induces Arx through its transcriptional activation domain whereas Nkx2.2,
induced by Shh, abolishes this induction. Our data support a feedback loop model for Arx
function; through interactions with FoxA2, Arx positively regulates Shh expression in the FP, and
Shh signaling in turn activates Nkx2.2, which suppresses Arx expression. Furthermore, our data
are evidence that Arx plays a role as a context dependent transcriptional activator, rather than a
primary inducer of Shh expression, potentially explaining how mutations in ARX are associated
with diverse, and often subtle, defects.
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Introduction

Cell type specification is a dynamic process dependent on cell extrinsic and intrinsic
signaling programs. The developing spinal cord serves as an excellent model system to
study cell type specification. Many studies over the past decades have deduced that
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morphogenic gradients formed by several signaling molecules (e.g. sonic hedgehog and
retinoic acid) initiate intrinsic transcription networks enabling first the specification of
distinct progenitor cells and subsequently maintaining their identity (Davidson, 2002;
Jessell, 2000). Understanding how the various factors in this process interact is crucial to
unraveling the mechanisms underlying cell fate determination.

Sonic hedgehog (Shh) is a secreted protein with well-established roles in cell fate
specification in the ventral spinal cord. It is first expressed in the mesodermally derived
notochord and subsequently in the ventral midline of the developing neural tube (i.e., floor
plate, FP). When Shh binds the transmembrane receptor, Patched (Ptc), it releases the
inhibition of Smoothened (Smo), which then translocates to the cytoplasm and initiates a
signaling cascade that results in the nuclear translocation of Gli (Gli1-3) transcription
factors. Gli transcription factors bind specific cis-elements (GBSs; Gli binding sites) of
downstream target genes to activate or repress their transcription (Briscoe et al., 2000;
Dessaud et al., 2008). It is known that Shh stabilizes full-length Gli2 and Gli3 proteins in
their activator forms (GliA); in the absence of ligand these bi-functional proteins undergo
proteolysis and change to repressor forms (GliR) (Dessaud et al., 2008; B. Wang et al.,
2000).

Shh signaling functions in a gradient to establish unique cell fates along the dorsal ventral
axis of the developing spinal cord. In response to this morphogen gradient, transcription
factors in responding cells are either induced or repressed to establish the p0, p1, p2, pMN,
p3, and FP domains. In turn, each progenitor domain gives rise to a distinct neuronal (V3,
MN, V2, V1 and V0), and non-neuronal (FP) subtypes (Dessaud et al., 2008; Jessell, 2000).
Ventral neural tube development is not only dependent on its spatial concentration gradient
of Shh, but also the timing and duration of the signaling (Chamberlain et al., 2008; Dessaud
et al., 2008; 2007). Increasing levels and durations of Shh signaling direct progenitors to
adopt progressively more ventral identities (Chamberlain et al., 2008; Dessaud et al., 2008;
2007). Furthermore, the interpretation of the Shh morphogen gradient into an intrinsic
transcriptional network, rather than Shh gradient itself, has been shown to be responsible for
differential spatial and temporal gene expression (Balaskas et al., 2012). Moreover,
identification and characterization of the cis-regulatory modules (CRMs) of target genes
operating downstream of Shh signaling, has clarified how different cells interpret their Shh
signaling depending on their relative location in relation to the signaling source (Oosterveen
et al., 2012; Peterson et al., 2012).

Specification of the most ventral cell type, the non-neuronal FP cells, is thought to be a
sequential process. Initially, the presumptive FP cells, in response to notochord-derived Shh,
express a set of transcription factors (e.g. FoxA2, Nkx2.2 and Nkx6.1) that are also
expressed in adjacent progenitor cells (p3). Later the developing FP cells also begin
expressing Shh and Arx, whereas Nkx2.2 expression is down-regulated and no longer
detected in the presumptive FP but continues to be expressed in the adjacent p3 domain.
Unlike other ventral neuronal subtypes, where high levels and longer duration of Shh
signaling predicts more ventral identities, FP specification involves a biphasic response to
Shh signaling. Initially, high levels of Shh signaling are required for FP specification (Ribes
et al., 2010), however, maintenance of the FP is Shh signaling independent, although Shh
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continues to be expressed by FP cells. If Shh signaling is maintained during this time instead
of down-regulated, FP cells convert their identity to ventral neural progenitors (Ribes et al.,
2010).

Despite the down-regulation of Shh signaling in FP cells, Shh itself is not down-regulated,
suggesting that the FP cells must maintain adequate levels of Shh production for the
generation of other ventral cell types, and for functions such as a commissural axon
chemoattraction (Bourikas et al., 2005). Paradoxically, the transcription factor FoxXA2 is
responsible for inducing Shh expression, while it simultaneously down-regulates Shh
signaling to maintain FP identity and inhibit p3 fate.

Two enhancer regions have been identified in the regulatory regions of Shh that are
responsible for spinal cord FP specific expression: Shh Floor Plate Enhancer 1 and 2
(SFPE1 and 2) (Epstein et al., 1999; Jeong and Epstein, 2003). SFPE1 activity is controlled
in a FoxA2-independent manner. In contrast, SFPE2 activity is regulated by two elements, a
Homeobox transcription factor Binding Site (HBS) and a FoxA2 binding site. Both are
required for the full activity in the FP (Epstein et al., 1999; Jeong and Epstein, 2003). To
date the homeodomain transcription factor(s) that binds to SFPE2 has not been identified.

The aristaless related homeodomain transcription factor (Arx) is the vertebrate homolog of
Drosophila Aristaless (Miura et al., 1997). It is expressed in the developing brain including
the cerebral cortex, basal ganglia, hypothalamus, thalamus, midbrain, and hindbrain
(Colombo et al., 2004; Miura et al., 1997). Its expression is first detected at the 3 somite
stage (~E8) in mouse embryos and it persists through early postnatal life (Colombo et al.,
2004). Mutations ARX have been linked to morphological brain anomalies as well as
multiple neurologic deficits in patients (Friocourt and Parnavelas, 2010; Kato et al., 2004;
Kitamura et al., 2002; Mégarbané et al., 2011; Olivetti and Noebels, 2012; Sherr, 2003;
Shoubridge et al., 2010; Stramme et al., 2002). Arx-deficient mice have intermediate
progenitor cell proliferation defects in the forebrain resulting in small brains (Colasante et
al., 2013; Kitamura et al., 2002). They also show aberrant migration and differentiation of
interneurons in the ganglionic eminence and neocortex (Fulp et al., 2008; Kitamura et al.,
2002; Marsh et al., 2009; Nasrallah et al., 2011). Furthermore, loss of Arx in mice, through
conditional gene abrogation, results in structural brain anomalies, epilepsy, and
neurocognitive phenotypes (Colasante et al., 2013; Fulp et al., 2008; Kitamura et al., 2002;
Marsh et al., 2009).

Arx is also expressed in FP cells of the developing spinal cord, however its function in the
FP has not been explored. Based on the observations that 1) Arx is expressed in FP cells
during the period of Shh induction and 2) it is a homeodomain transcription factor, we
hypothesized that Arx binds to the HBS of SFPE2 and induces Shh expression. To test our
hypothesis, we performed both gain-of-function and loss-of-function experiments using the
chick embryo and Arx deficient mice. We find Arx indeed binds the SFPEZ2 site and induces
Shh expression in the presence of FoxA2. Furthermore, our data demonstrate that FoxA2
induces Shh via its activation domain, while Nkx2.2 represses FoxA2-induced Arx
expression. These results support a model where Arx and FoxA2 participate in a feedback
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loop with Shh signaling, establishing a robust method to regulate the dynamic expression of
Shh required for its multiple functions during spinal cord development.

Materials and Methods

Mice

Arx mutant mice (Fulp et al., 2008) were bred and maintained on C57BI/6 background in
according with an approved IACUC protocol at the Children’s Hospital of Philadelphia and
Brigham and Women’s Hospital/Harvard Medical School. Arx™"¥ mouse embryos were
generated by mating Arx™/* with El1a" male (The Jackson Laboratory stock number
003724). All genotyping was performed as previously described (Fulp et al., 2008).

DNA constructs

Arx, FoxA2, Nkx2.2 (human sequence for NKX2.2 was used but is referred throughout as
Nkx2.2) and each deletion mutant, used for in ovo electroporation, were cloned into the
pCIG vector (Megason and McMahon, 2002) that expresses eGFP under IRES, after PCR-
amplification with the oligonucleatides as following: ArxF (5’
CGGAATTCCACCATGAGCAATCAGTACCAGGAAGAG-3), Arx61F (5'-
CGGAATTCCACCATGGAAAAAGCCATGCAAGGCTCCCCC -3'), Arx220F (5~
CGGAATTCCACCATGGGCGCCGAGGACGACGAGG -3), Arx471mycR (5'-
ACTTCAACGCGTCTACAGATCTTCTTCAGAAATAAGTTTTTGTTCCGCTGCTCCT
AGAAAAGTGCTCAGACC-3), ArxmycR (5'-
ACTTCAACGCGTCGAGCTACAGATCTTCTTCAGAAATAAGTTTTTGTTCGCACAC
CTCCTTCCCCGTGCTG -3'), FoXxA2FLAGF (5'-
CGGAATTCCACCATGGATTACAAGGATGACGACGATAAGCTGGGAGCCGTGAA
GATGGAA -3'), FoXA2R (5/-
ACCGACGCGTTTAGGATGAGTTCATAATAGGCCTGGAGTACACTC-3’), FoxA2F52
(5
CGGAATTCCACCATGGATTACAAGGATGACGACGATAAGGGCGGCGGTTCCGG
CAACAT-3), FoxA2R-418 (5'-
AACCGACGCGTTTAGGAACCATAGCCCCCTGGGTAGTGC-3'), FoxA2D372-383F
(5’-CCACCTGAAGCCCGAGCACCATTACTCGTCCGAGCAGCAACATCACCA -3)),
Nkx2.2F (5/-
CGGAATTCCACCATGGATTACAAGGATGACGACGATAAGATGTCGCTGACCAAC
ACAAAGACGG-3), Nkx2.2R (5
AACCGACGCGTTCACCAAGTCCACTGCTGGGCCT-3’), Nkx2.2F113 (5~
CGGAATTCCACCATGGATTACAAGGATGACGACGATAAGGACAATGACAAGGA
GACCCCGGGC -3') and Nkx2.2R187 (5'-
AACCGACGCGTTCACCGGGCGCGCTTCATCTTGTAG -3'). Arx MT is R332H, which
does not bind to DNA due to mutation in homeodomain of Arx (Cho et al., 2012). The
FoxA2 and Nkx2.2 constructs include a FLAG-tag embedded in the 5" end of the
oligonucleotide sequence. The FoxA2AA (52-418) deletion construct lacks the transcription
activation domain (Pani et al., 1992). The FoxA2Al, internal deletion mutant which excludes
amino acid 372-387 (TLE/Groucho binding site), was cloned into EcoRI and Mlul of pCIG
vector as described previously (J. C. Wang et al., 2000). Nkx2.2HD (aal13-187) (dominant
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negative mutant which contains only homeodomain) was constructed into pCIG as
previously described (Watada et al., 2000). The Ptc21°9P2 SmoM2, and AN-Gli3 constructs
were all previously described (Lei et al., 2004; Lek et al., 2010; Tenzen et al., 2006). The
deleted Arx DNA fragments, used for immunoprecipitation experiment, were subcloned into
both EcoRI and Xbal digested pM vector (Clontech) after PCR amplification; ArxF (5'-
CGGAATTCATGAGCAATCAGTACCAGGAAGAGG-3), Arx221F (5-
CGGAATTCGGCGCCGAGGACGACGAGGAGGAG-3), Arx321F (5'-
CGGAATTCTCGGAGGAGGGGCTGCTGAAGCGC-3), Arx471F (5~
CGGAATTCGCGGTGTTCCGCCACCCAGCCTTC -3'), Arx220R (5’-
GCCCTCTAGACGTGCCACCACCCGCCGCGGGGGC -3), Arx320R (5'-
GCCCTCTAGAGTCGCTGCCGGCCGACAGGCACACG -3'), Arx470R (5'-
GCCCTCTAGATGCTCCTAGAAAAGTGCTCAGACCC -3) and ArxR (5'-
GCCCTCTAGATTAGCACACCTCCTTCCCCGTGCTG -3). For generation of the full
length Arx protein in mammalian expression system, the FLAG-tagged Arx PCR product
was subcloned into pcDNA3.1-d-TOPO (Invitrogen) with ArxFLAGF (5'-
CACCATGAGCAATCAGTACCAGGAAGAGGGC-3) and ArxFLAGR (5'-
TTACTTATCGTCGTCATCCTTGTAATCGCACACCTCCTTCCCCGTGCTG-3').

In ovo electroporation

Electroporation was performed as previously described (Briscoe et al., 2000; Lim et al.,
2005). DNA was injected into the neural tube of Hamburger-Hamilton stage 10-12 (HH10-
HH12) chick embryos at concentrations of 5.0 pg/ul in TE with 50 ng/ul Fast Green. For co-
electroporation of low FoxA2 and ArxWT or ArxMT, FoxA2 expression construct was used
in one tenth of Arx DNA. For all other co-electroporation, DNAs were mixed as 1:1 ratio.
Approximately 48 h following electroporation, embryos were harvested and fixed in 4%
paraformaldehyde for subsequent immunostaining.

Immunohistochemistry

All immunohistochemistry was performed as previously reported (Lim et al., 2005). Briefly,
embryos were collected, fixed overnight in cold 4% paraformaldehyde, washed at 4°C in
PBS, cryoprotected overnight at 4°C in PBS containing 30% sucrose, and frozen in OCT
(Tissue-Tek). Twelve-micrometer sections at the spinal cord or hindbrain level were then cut
for subsequent immunostaining. The primary antibodies used include: rabbit anti-FoxA2
(1:20, Epitomics), mouse anti-Shh (1:2000, Sigma), mouse anti-Shh (1:10, DSHB), rabbit
anti-Shh (1:200, Santa Cruz Biotechnology), mouse anti-Nkx2.2 (1:5, DSHB), mouse anti-
Pax7 (1:20, DSHB), rabbit anti-Nkx6.1 (1:5, DSHB), rabbit anti-Olig2 (1:5000, Epitomics,
rabbit), mouse anti-Nkx2.2 (1:5, DSHB), mouse anti-I1sl1/2 (1:20, DSHB), and rabbit anti-
Arx (1:200, (Kitamura et al., 2002)). Nuclei were visualized with DAPI (1:30,000,
Invitrogen) staining. Secondary antibodies conjugated with Alexa 488, 568, or 633 (1:200,
Invitrogen) were utilized for visualization on a Leica DMR microscope equipped with
epiflourescence and a Leica DFC345 FX camera. DAB and ABC kit (Vector Lab) were used
for Shh, Alcam and Olig2 immunostaining. A minimum of 5 sections, from at least three
embryos of each genotype, were examined in the mouse studies. Number of Olig2-positve
cell was counted manually (E11.5) or automatically (E14.5) using Particle Analysis in
ImageJ (Fiji).

Dev Biol. Author manuscript; available in PMC 2015 December 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choetal.

Page 6

Electromobility Shift Assay (EMSA), Chromatin Immunoprecipitation (ChlIP), and
Immunoprecipitation (IP)

EMSA was performed as previously described (Cho et al., 2012). The full length Arx
protein was expressed in HEK293 transfected with pcDNA3.1-FLAG-Arx and purified with
FLAG-beads (Sigma) in the TNE buffer (20 mM Tris-HCI [pH 7.4], 150 mM, NaCl, 0.5%
Triton X-100, 5% glycerol). The purified Arx protein was applied to 5% polyacrylamide gel
with double stranded oligonucleotides, SFPE2F (5’-
CTTTATTGGATTTTAATTAGAAAATCCACACA-3')/SFPE2R(5'-
TGTGTGGATTTTCTAATTAAAATCCAATAAAG-3') and mSFRP2F (5'-
CTTTATTGGATTTTCCTTAGAAAATCCACACA-3)/mSFRP2R(5’-
TGTGTGGATTTTCTAAGGAAAATCCAATAAAG labeled by biotin (Integrated DNA
Technologies). To detect the DNA/Arx complex, we utilized the LightShift
Chemiluminescent EMSA kit (Thermo Scientific).

For ChlIP assays, E9.5 mouse spinal cord tissues were used. After dissection and
dissociation, the spinal cord tissues were fixed with 1% formaldehyde for 10 min at room
temperature on a rotating rocker. ChIP was performed following the protocol for the EZ
ChIP Immunoprecipitation Kit (EMD Millipore) using a rabbit anti-Arx and control rabbit
antibody (Invitrogen). Primers spanning SFPE2 within intron2 of Shh gene, gSFPE2-R1 (5'-
CCCGAGACTTGTGTGGATTT-3') and gSFPE2-R2 (5'-
TCCGAGGCTGTCTCCTATTTA-3), primers —1kb away from upstream of SFPE2, —1kbF
(5-CGTAAGTCCTTCACCAGCTT-3) and -1kbR (5'-
CTCAACACCTGGTCTTTCTCTC-3’) were used for real time PCR of the
immunoprecipitated DNA with SsoAdvanced Universal Supermix (Bio-rad). The primers,
negR (5-ATGGTTGCCACTGGGGATCT-3') and negR (5'-
TGCCAAAGCCTAGGGGAAGA—3) flanking genomic region between Gapdh and
Cnapl were used for negative control.

Immunoprecipitation experiment was performed as previously described with only slight
modifications (Nasrallah et al., 2011). After co-transfected with FLAG-FoxA2 and Arx-Myc,
HEK293T cells were lysed with TNE buffer (20 mM Tris-HCI [pH 7.4], 150 mM, NaCl,
0.5% Triton X-100, 5% glycerol) containing a protease inhibitor cocktail (Roche Applied
Science). Anti-FLAG (M2) monoclonal antibody (Sigma) or anti-Myc antibody (Cell
Signaling technology) was used for immunoprecipitation. For preclearance, lysates were
incubated with protein G-conjugated beads (Invitrogen). Each primary antibody (2 ug)
defined by the individual experiment was added, incubated at 4°C for 1 h, and then
incubated with the protein G-conjugated beads for an additional hour. The beads were
washed with TNE buffer twice and with TNE buffer containing 500 mM NaCl twice,
followed by a final wash with TNE buffer. Bound proteins were eluted using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. To detect
the associated protein in the immunoprecipitate, SDS-PAGE followed by Western blotting
was performed using anti-Arx, anti-FLAG (M2, 1/500; Sigma) and anti-GAL4 (Clontech)
antibody.
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Results

Arx expression in the floor plate

To establish the developmental time course of Arx expression in the developing chick spinal
cord, we took advantage of the normal rostral to caudal gradient of neural tube development.
In HH10 chick embryos, the neural tube is rostrally closed, however, a small segment
remains open at the most caudal end. Arx is expressed in the rostral neural tube (hindbrain
and thoracic level of the spinal cord) but it is not detected in the developmentally younger
caudal neural tube (lumbar level of the spinal cord) (Fig 1). Arx expression is restricted to
the ventral midline where it overlaps with FoxAz2, although the FoxA2 expressing domain
does extend to several cell bodies beyond that of Arx. In contrast, FoxA2, Nkx2.2 and
Nkx6.1 are ventrally expressed along the entire rostral-caudal neural axis (Fig 1). As
expected, Nkx2.2, and to a lesser extent Nkx6.1, are largely excluded from the presumptive
FP at the more rostral levels of the neural tube; however both are expressed just lateral to the
Arx expressing domain (Fig 1). The co-expression of FoxA2, Nkx2.2 and Nkx6.1 in the
presumptive FP at the lumbar neural tube suggests that at the early stage, the FP identity is
mixed with p3 identity, since the presumptive FP cells initially express markers that are
shared with p3 and pMN progenitors such as Nkx2.2 and Nkx6.1, respectively. This data is
consistent with the previous report of Shh expression in the FP (Ribes et al., 2010).
Furthermore, we find Shh expression coincides with that for Arx (Fig 1). These results
confirm that Arx is expressed late in ventral midline development, but in the definitive FP
when p3 markers, such as Nkx2.2, are no longer expressed.

Arx positively regulates floor plate Shh induction in the presence of FoxA2

Arx expression in the FP coincides with the strong induction of Shh in these same cells (Fig.
1) (Ribes et al., 2010). Thus, we postulated that Arx might regulate Shh transcription in the
FP. To test this assumption we electroporated an Arx expression construct into chick neural
tubes and assayed for changes in gene expression. Targeting Arx to the dorsal
neuroepithelium failed to induce Shh or the Shh downstream genes, Nkx2.2 and Nkx6.1 (Fig
2A). In contrast, when Arx was targeted to the ventral spinal cord, Shh as well as Shh
downstream genes were induced (Fig 2A). These data suggest that Arx can induce Shh
expression only in the presence of other ventral factor(s). Given that FoxA2 is also
expressed in the FP and known to induce Shh (Ribes et al., 2010), we next tested whether
FoxA2 might be the cooperating factor to function with Arx. When an Arx expression
construct (WT) was co-electroporated in the dorsal spinal cord with low levels of a FoxA2
construct, the Shh gene was strongly induced in cell autonomous manner (Fig 2B).
However, when a mutant Arx construct (MT) that harbors the R332H mutation in the
homeodomain leading to loss of DNA binding activity (Cho et al., 2012) was co-
electroporated with low levels of FoxA2, Shh was no longer induced (Fig 2B). In contrast, a
low level of FoxA2 was not able to induce Shh expression or only did so slightly. Together
these findings suggest Arx collaborates with FoxA2 to induce Shh.

Arx can interact with FoxA2 and bind to the Shh enhancer, SFPE2

We next asked whether Arx modulates Shh expression through direct binding to its genomic
regulatory sequence. Two enhancer regions have been reported for the FP expression of Shh:
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SFPE1 (Shh Floor Plate Enhancerl) and SFPE2 (Epstein et al., 1999; Jeong and Epstein,
2003). SFPE2 includes two sequence elements crucial for Shh induction; a homeodomain
binding site (HBS) and a FoxA2 binding site separated by 51 base pairs (Jeong and Epstein,
2003). While FoxA2 binding in SFPE2 has been established, the homeodomain transcription
factor(s) that binds to this HBS is unknown. We hypothesized that Arx, a paired-like
homeodomain transcription factor, could bind to this cis-element and activate Shh
expression in cooperation with FoxA2 in developing neural tube. In order to test this
hypothesis, we performed electromobility shift assay (EMSA) and chromatin
immunoprecipitation (ChlP). The Arx (Cho et al., 2012) bound directly to the HBS of
SFPE2 and this binding exhibited specificity by cold competition, whereas a mutated SFPE2
fragment did not form a complex with Arx (Fig 3A). We verified this binding of Arx to the
HBS in vivo by ChIP using embryonic spinal cords from E10.5 mouse and anti-Arx
antibody. Our ChIP data confirmed Arx binding to the HBS of SFPE2 (Fig. 3B).

The HBS and FoxA2 binding site in the SFPE2 are very near each other (approximately
50bp apart) and FoxA2 is known to interact with other homeodomain transcription factors
(Foucher et al., 2003; Rausa et al., 2003). This raised the possibility that Arx might
physically interact with FoxA2. To test this possibility, we performed immunoprecipitation
experiment using HEK293 cells, which were co-transfected with FLAG-FoxA2 and Arx-
Myc. Arx was co-immunoprecipitated with FoxA2, confirming an interaction between Arx
and FoxA2 (Fig. 3C). We further investigated which domain of Arx can interact with
FoxAZ2, using a series of Arx deletion constructs, each fused with Gal4DB for nuclear
targeting. A construct containing the homeodomain, Gal4DB-321-470, was co-
immunoprecipitated with FoxA2, whereas constructs that did not contain the homeodomain
were not co-immunoprecipitated (Fig 3D). These data indicate that the Arx homeodomain is
required for an interaction with FoxA2. Taken together, our data support a model where Arx
binds to the HBS sequence in SFPE2 and interacts with FoxA2, which binds to an adjacent
site in SFPEZ2, to directly induce Shh expression. We postulate the interaction with FoxA2
for Shh induction is cooperative.

The transcriptional activation domain (aristaless domain) of Arx is required for Shh
induction

Arx is known to function both as a transcriptional repressor and activator (Colasante et al.,
2009; Collombat et al., 2003; Fullenkamp and El-Hodiri, 2008; Fulp et al., 2008; McKenzie
et al., 2007). It contains two strong repression domains (one in the octapeptide domain at the
N-terminal and the other in the region, aa400-495) and one activation domain, the aristaless
domain at the C-terminus.) (McKenzie et al., 2007). Recent studies indicate Arx functions
predominantly as a transcriptional repressor (Colasante et al., 2009; Collombat et al., 2003;
Fulp et al., 2008; Quille et al., 2011). The octapeptide domain has been shown to bind to
Groucho/transducing-like enhancer of split (TLE) cofactor, and repress transcription
(McKenzie et al., 2007). How Arx functions as a transcriptional activator, however, is
poorly understood.

To determine whether the repression or the putative activation domain of Arx is crucial for
Shh induction, we generated three Arx deletion constructs lacking the octapeptide domains
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for transcriptional repression (Arx 61-564 and Arx 220-564) and one lacking the C-terminal
aristaless domain for transcriptional activation (Arx 1-470). All three mutants are expected
to bind DNA and interact with FOXA2 since the homeodomain, which binds DNA, and the
FoxA2 binding motif remains intact. These were independently co-electroporated with
FoxA2 into the chick spinal cord (HH stage 10-12), and the expression of Nkx2.2, a
downstream target gene of Shh, was assayed. While deletion of the known N-terminal
repression domain (1-220 amino acids) did not affect Nkx2.2 expression, the Arx1-470
construct, which lacks the C-terminal aristaless domain failed to induce Nkx2.2 cell non-
autonomously (Fig. 4). We believe the reason that Arx 220-564, with FoxA2, can better
induce Nkx2.2 result from the loss of the repression domain in Arx. These data suggest that
the C-terminal aristaless domain for the activation is required to induce Shh expression.

Shh expression is diminished in the spinal cord of Arx-deficient mice

Given our gain-of-function data in the chick embryo revealing Arx as a positive regulator of
Shh induction, we next asked whether the endogenous loss of Arx would lead to a reduction
in Shh expression and signaling. To test this, we examined the expressions of Shh and its
downstream targets in the spinal cord of Arx™¥ mice. The intensity and overall area of Shh
immunostaining in the FP of Arx™" (E10.5) mice was reduced when compared to control
littermates (Fig. 5A). Although the change was rather mild, Shh level in the FP relative to
that in the notochord was clearly reduced along the entire spinal cord in Arx™" mice
compared to control (0.5 in Arx*; 0.43 in Arx™¥) (n=3 mice). Similarly, the expression of
FoxA2 and Alcam (another FP marker; (Schubert and Kaprielian, 2001) in the ventral spinal
cord were all reduced (Fig. 5A and supplementary Fig. 1). These changes in gene expression
level during early development persisted through later stages as shown with Olig2 (another
Shh induced gene) immunostaining. Fewer Olig2 positive cells were detected in mutant
spinal cords examined at E11.5 (labeling motor neuron; Roelink et al., 1994) and at E14.5
(labeling oligodendrocytes; Ligon et al., 2006; Rowitch, 2004) (Fig 5B). Notably, despite
reduced levels of Nkx2.2 and FoxA2, likely due to reduction in Shh expression, we observed
no change or expansion in the extent of the Nkx2.2 domain to the FP (supplementary Fig. 1),
suggesting Arx does not repress Nkx2.2 expression. These data in Arx mutant mice are
consistent with our findings in chick.

FoxA2 can induce Arx expression

We next sought to determine how Arx expression was regulated in the FP. We introduced
the constitutively active Shh receptor, SmoM2 (Xie et al., 1998), to the chick spinal cord
(HH stage 10-12) by electroporation and examined the effect of ectopically induced Shh
signaling. No induction of Arx was observed, while the known Shh target genes, Nkx6.1,
Nkx2.2, and FoxA2, were ectopically induced (Fig. 6A). Next we electroporated the mutant
Gli3 lacking its N-terminal repressor domain (AN-Gli3) (Lei et al., 2004), which should act
as an activator of Shh signaling (Fig. 6B). AN-GIli3 disrupted neural tube structure on the
electroporated side, suggesting that its effect is stronger than that of SmoM2, which did not
affect neural tube morphology. Nonetheless, consistent with the SmoM2 result, forced
expression of AN-GIi3 also did not induce Arx, while it successfully induced Nkx6.1, Isl2,
and FoxAz2 in cell-autonomous manner (Fig. 6B). Together, our data suggest that Shh
signaling does not induce Arx in the FP.

Dev Biol. Author manuscript; available in PMC 2015 December 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choetal.

Page 10

We next set out to examine the role of FoxA2 in Arx induction. FoxA2 has been previously
reported to induce Arx (Ribes et al., 2010). We confirmed that electroporation of a FoxA2
expression construct into the chick spinal cord induced Arx cell autonomously, as well as
Nkx2.2, Nkx6.1 and Shh (Fig 6C and Fig 7). Furthermore, co-electroporation of FoxA2 with
either Ptch121°9P2 or Gli3 in the chick spinal cord confirmed that FoxA2 induces Arx
expression even when Shh signaling is blocked (Supplementary Fig 2). FoxA2 harbors both
transcription activation and repression domains (Costa and Grayson, 1991; Qian and Costa,
1995; Rausa et al., 2003). Whether Arx induction by FoxA2 is mediated by its activation
domain, or repression domain, is currently unknown. To determine which domain is
responsible for Arx induction, we electroporated mutant FoxA2 constructs lacking either the
activation or the repression domain. Forced expression of FoxA2 mutant construct lacking
the activation domain (FoxA2AA) failed to induce Arx expression, whereas a construct
lacking the repression domain (FoxA2AR) still induced Arx expression (Fig. 7). These
results indicate that FoxA2 transcription activation domain is required for Arx induction.

Nkx2.2 can repress Arx expression

The fact that Shh induces FoxA2 and FoxA2 induces Arx expression, but Shh could not
induce Arx, seemed incongruent. A further understanding of this apparent contradiction
came through our observation of the functional relationships between Arx and Nkx2.2 (a
Shh induced gene). Forced expression of FoxA2 can induce Nkx2.2 non-cell autonomously,
while it induces Arx cell autonomously (Supplementary Fig. 3) (Ribes et al., 2010).
Conversely, forced expression of Nkx2.2 induced FoxA2 expression (Fig. 8A,; top left rows).
Interestingly, this ectopic expression of FoxA2 by Nkx2.2 electroporation did not induce Arx
(Fig. 8A; top right rows). Two possible explanations for this observation; 1) the FoxA2
levels induced by Nkx2.2 electroporation are not sufficient to induce Arx, or 2) Nkx2.2 might
inhibit Arx induction. To distinguish these possibilities, we electroporated FoxA2 together
with Nkx2.2 (DNA amount 1:1) to provide sufficient FoxA2 levels, but again did not detect
Arx induction. This result suggests that the induction of Arx is not dependent on the level of
FoxA2 expression. To determine if Nkx2.2 can repress Arx induction, we generated mutant
form of Nkx2.2 that contains the homeodomain only (Nkx2.2HD), lacking the known
transcriptional repression domain for co-electroporation with FoxA2 (Muhr et al., 2001;
Watada et al., 2000). Furthermore, the repression domain in Nkx2.2 is required for Shh
induction through a gene regulatory network. Nkx2.2 induces Shh, and therefore FoxA2, by
repressing Pax6. Pax6 induces the Shh repressor Gli3 and thus Nkx2.2 induces Shh by
repressing the expression of Gli3 (Lek et al., 2010). As we expected, the Nkx2.2HD mutant
does not induce FOxA2 due to the loss of Nkx2.2 repression domain (Supplementary Fig. 4).
Surprisingly, the FoxA2-induced Arx expression was no longer abolished when the
Nkx2.2HD was used for FoxA2 co-electroporation, demonstrating that Nkx2.2 transcription
repression function is required for abolishing FoxA2-induced Arx expression (Fig. 8A;
bottom rows). Based on these observations, we argue that the reason Shh signaling does not
induce Arx, despite the fact that it can induce FoxAZ2, is due to the Nkx2.2 related repression
of Arx. This is consistent with the fact that Arx is not expressed in the early FP where
Nkx2.2 is present, but only expressed in the later FP when Nkx2.2 is no longer expressed.
Further evidence to support this mechanism is found in the results of our experiments
ectopically expressing FoxA2. Arx and Nkx2.2 expression was always mutually exclusive
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(Supplementary Fig. 3). These data are similar to the mechanistic role Arx plays in
pancreatic beta-cell. Nkx2.2 represses Arx in these cells to maintain beta cell identity. This
repression is achieved through the recruitment of repression complex including Grg3,
HDAC1 and DNMT3 (Papizan et al., 2012). We believe a similar repression mechanism
may play a role in spinal cord FP cell specification.

Interestingly, when SmoM2 or AN-GlIi3 (activators of Shh signaling) was co-electroporated
with FoxA2, they do not abolish FoxA2-induced Arx expression (Fig. 8B), suggesting that
activated Shh signaling does not directly repress Arx induction. However, SmoM2 or AN-
Gli3 can ectopically induce Nkx2.2, and Nkx2.2 positive cells do not express Arx (Fig. 8B),
supporting our finding that Nkx2.2 represses FoxA2-induced Arx expression.

Discussion

Shh plays a critical role in spinal cord development as a morphogen for orchestrating cell
type specification and maintenance, along with also functioning as a chemoattractant for
commissural axon guidance (Bourikas et al., 2005; Dessaud et al., 2008). To serve these
functions for normal spinal cord development, Shh expression requires tight spatial and
temporal regulation. Although the function of Shh in spinal cord development has been
intensively studied, the regulation of Shh expression in the FP is incompletely understood.
To our knowledge, FoxA2 is the only known transcription factor shown to directly bind to
one of the Shh enhancers and activate its expression in the spinal cord (Jeong and Epstein,
2003). Here we show that another transcription factor, Arx, in collaboration with FoxA2,
directly induces Shh expression. It binds to the homeobox element, which is located adjacent
to FoxA2 binding site of the Shh FP enhancer (SFPE2) that drives FP specific expression in
the spinal cord. Our data support a model wherein Arx and FoxA2 physically interact while
binding at the SFPE2 element and this cooperative binding regulates Shh transcription.
Furthermore, FoxA2 induces Arx and this induction is repressed by Nkx2.2, suggesting a
complex feedback loop exists between FoxA2, Arx and Shh signaling (Fig 9).

Arx collaborates with FOxA2 to regulate Shh expression in the floor plate

Shh expression along the anteroposterior axis of the mouse central nervous system is
regulated by multiple enhancers. To date six enhancers distributed over 400kb, both
upstream and downstream of the transcription initiation site, have been identified (Epstein et
al., 1999; Jeong et al., 2006; Jeong and Epstein, 2003). Among these six enhancers, two Shh
FP-specific enhancers, SFPE1 and SFPE2, are known to regulate Shh expression in the
spinal cord. While SFPEL1 is sufficient for directing Shh expression in the FP, SFPE2 works
cooperatively with another enhancer, Shh brain enhancer 1 (SBE1), for its FP specific
enhancer function. SFPE2 and SBEL1 are intronic enhancers located adjacent to each other
and within intron 2 of the Shh gene. Comparative sequence analysis among different species
identified four highly conserved sequence elements (transcription factor binding sites)
within SFPE2: HBS (homeobox transcription factor binding site), Foxh1 binding site, T-box
binding site, and FoxA binding site. Further functional analysis in mice revealed that the
HBS is required for driving Shh expression in the FP of the spinal cord and the FoxA
binding site directs expression in the FP and notochord. In contrast, the Foxh1 binding site
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appears unnecessary and the T-box binding site drives repression. Interestingly, either HBS
or FoxA binding site is not sufficient for SFPE2 activity on their own, but cooperative
interaction is required between these two sites (Jeong and Epstein, 2003). No homeodomain
protein has previously been identified that could bind to this HBS. Nkx2 or Nkx6 family
members were considered candidates (Jeong and Epstein, 2003), however members of these
families are not expressed in the FP when Shh gene is induced and thus are not considered
good candidates. Our data in this study identifies Arx as the homeodomain transcription
factor that binds to this HBS of the SFPE2, and in collaboration with FoxA2 regulates Shh
gene expression in the spinal cord FP.

Considering the importance of Shh function in the spinal cord development, it is not
surprising to find multiple and complex regulatory controls to direct and maintain precise
levels of Shh expression. Since Shh expression in the ventral spinal cord is regulated by
more than one enhancer, and SFPE1 (FoxA2 or Arx independent) alone is sufficient for Shh
expression in the FP (Epstein et al., 1999), it is not surprising to observe only minimal
changes in Shh expression in the Arx-deficient mice. In fact, even mild changes in Shh and
downstream signaling in Arx-deficient mice suggest a significant involvement of Arx in a
regulatory network of Shh expression. One sensitive measure of Shh signaling is to examine
the downstream cell types generated by specific Shh concentrations, such as motor neuron-
and oligodendrocyte progenitors (Allen et al., 2011; 2007; Dessaud et al., 2010; Ericson et
al., 1996; Yu et al., 2013). Our data showing a mild reduction in motor neurons and
oligodendrocytes (Olig2 positive cells) in Arx-deficient mice provides further evidence that
loss of Arx is responsible for a perturbation in Shh signaling.

Arx is part of a complex gene regulatory network controlling the expression of intrinsic as
well as extrinsic factors of the floor plate development

The FP specification involves the interplay between extrinsic signaling molecule, Shh, and
intrinsic transcription factors such as FoxA2. Initially, Shh from the notochord can induce
FoxAz2 expression in the FP, and FoxAZ2 in turn induces Shh expression in the FP. Although
the initial specification of the FP requires Shh signaling, the maintenance of the FP identity
becomes no longer dependent on its signaling, as Ptch1, Hhip, Glil, Gli3 and Nkx2.2 are
directly or indirectly repressed by FP FoxA2 or GIiR (Metzakopian et al., 2012; Peterson et
al., 2012; VVokes et al., 2007), which results in attenuation of Shh signaling. While the FP
cells down regulate Shh signaling to maintain their identity, Shh expression itself does not
decrease in the FP, which can ensure enough production and secretion of Shh for the
specification of adjacent cell populations such as V3 neurons and motor neurons from the p3
and pMN domains, respectively. Thus, it is important to understand how Shh expression can
be maintained in the FP while Shh signaling is down regulated.

Our studies add Arx to the network of known transcription factors regulating and
maintaining Shh expression in the FP. Conversely, whether Shh signaling can regulate Arx
expression or not turns out to be a little more complicated. Our data show that activated Shh
signaling, via SmoM2 or AN-GlIi3 electroporation in the neural tube, does not induce Arx
(Fig. 6). These results seem inconsistent with the previous report documenting Arx
induction by Shh treatment in the naive neural plate explants (Ribes et al., 2010). This
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discrepancy suggests that the induction of Arx by Shh might have a temporal restriction. It is
possible that at earlier stage (neural plate stage), Shh can induce Arx because Nkx2.2, which
can repress Ar, is not present yet due to the absence of Sox2 which is necessary for
induction of Nkx2.2 (Peterson et al., 2012). At a later stage (neural tube stage, which was
used in our study), however, Shh signaling does not induce Arx since Nkx2.2 is available to
repress Arx induction, as we showed in this study.

In summary, our studies have extended our understanding of the complex gene regulatory
network involving intrinsic and extrinsic factors in FP development. We have provided
evidence that Arx is a cooperating transcription factor with FoxA2 for Shh expression in the
FP and that loss of Arx results in mild but significant decrease in Shh and Shh signaling.
Our results suggest that the transcriptional co-activation function of ARX might be a key to
understand the pathogenesis of human patients with ARX mutations. Given that many
phenotypes in these patients are diverse and subtle, the result of this cooperative role of
ARX in gene induction rather than a unique and independent role, provides a potential
mechanistic insight into how this diverse spectrum of phenotypes could be observed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Arx and FoxA2 collaborate in the floor plate of the neural tube to modulate Shh
expression.

FoxA2 activates and Nkx2.2 represses Arx expression.

Arx plays a role in a gene regulatory network to control and maintain Shh
expression and a proper morphogen gradient.
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Fig. 1.
Cross-sections of embryonic chick neural tube (HH10) showing Arx, Nkx2.2, Nkx6.1,

FoxAz2 and Shh expression in the hindbrain (HB) and spinal cord (SC). The colored letters
on the left side box indicate the antibodies used for immunohistochemistry. HB (hindbrain),
thoracic SC, and lumber SC indicate the level of each section. Scale bar in the upper left
panel is 50 um for all images.
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Fig. 2.
Ectopic expression of Arx induces Shh and Shh-downstream genes in the presence of

FoxAz2. A) In ovo electroporation (EP) of Arx to the ventral or dorsal spinal cord analyzed
for Nkx2.2, Nkx6.1, FoxA2, and Shh expression via immunostaining. Arx EP to the ventral
neural tube induces FoxA2, Nkx2.2, Nkx6.1 and Shh (bottom panel), while dorsally targeted
Arx does not (top panel). The electroporated plasmid expresses Arx and GFP, thus the
presence of GFP reports the location of ectopic Arx expression. Boxed areas labeled 1-4
corresponded to high power images at bottom of A. B) Co-electroporation of low level of
FoxA2 with ArxWT (wild type) (1:10 ratio in DNA concentration) induces Shh cell non-
autonomously, even in the dorsal neural tube, whereas co-electroporations of low level of
FoxA2 with Arx MT (non-DNA bound homeodomain mutant; R332H) or mock DNA do
not. Arrows in A and B indicate the ectopic induction of Shh or Shh downstream target
genes. Scale bars in A and B are 50 pm.
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Fig. 3.

ASX binds to the HBS within Shh enhancer (SFPE2) and interacts with FOxA2. A) EMSA
with the full-length Arx protein purified from transfected HEK293T cells and SFPE2 DNA
fragments shows the DNA/protein complex (lane 2). The DNA/protein complex was
reduced in the presence of unlabeled SFPE2 DNA competitor (lane 3). However, when the
SFPE2 is mutated in the HBS (mSFPEZ2), it can no longer bind to Arx (lane 4-6). B) ChIP
assay using developing spinal cord with either an anti-Arx antibody or control 1gG.
Enrichment of the PCR product in the immmunoprecipitated sample with Anti-Arx antibody
was observed with three primer sets (one 1kb upstream region of SFPE2, a second in SFPE2
and the third a negative control which is in GAPDH locus) compared to control. (Note: ChIP
was performed on whole spinal cords, of which less than 0.01% is FP.) Error bars
correspond to SD (*, p=0.04, two-tailed, unpaired t-test). C) Arx directly interacts with
FoxA2. HEK293T cells transfected with Arx-Myc and FoxA2-FLAG were used for
immunoprecipitation (IP) experiments. IP with FLAG (FoxAZ2) antibody confirmed an
interaction with Arx (Western blot with anti-Arx antibody). D) Arx interacts with FOXA2
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through its homeodomain. HEK293T cells transfected with a series of Arx deletion mutants
(aa 1-220, 221-321, 321-470 and 471-564 conjugated to Gal4DB) with FLAG-FoxA2,
were used for IP. An Arx construct containing the homeodomain, Gal4DB-321-470 (red),
was co-immunoprecipitated with FoxA2, whereas other constructs were not. The arrows
identify the full-length protein of each mutant.
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Fig. 4.
The transcriptional activation domain (aristaless domain) of Arx is required for induction of

Nkx2.2. A) The schematic diagram depicts a full length Arx (top; rectangle) with the color-
coded functional domains (e.g. NLS: nuclear localization signal), and Arx deletion mutants
(bottom; lines) with beginning and ending amino acids indicated with numeric numbers
(321-470 indicates the Arx fragment containing homeodomain used in Fig 3D). B)
Electroporation of Arx or Arx deletion constructs to the chick spinal cords. Green
fluorescence is an indicator of electroporated cells and Nkx2.2 immunostaining is shown in
red. ArxMT means non-DNA bound homeodomain mutant (R332H). The arrows indicate
examples of where Nkx2.2 induction was observed. Note that Arx 1-470 shows no Nkx2.2
induction. Scale bar is 50 um for all images.
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Fig. 5.

Shh expression in the FP is reduced in Arx-deficient mice. A) Shh immunostaining (bottom)
in the FP of the spinal cord, but not in the notochord (arrowhead) is reduced in Arx—/y mice
compared to Arx+/y. Note a similar reduction is detected in Alcam (another FP marker)
immunostaining. The numbers below each image indicate the quantitative intensity of the
signal in the FP relative to the signal in the notochord. The intensity is measured by area
intensity of plot profile in Image J. B) Olig2, Shh induced gene, immunostaining show
reduced expression in the mutant mouse spinal cord at E11.5 (top) and E14.5 (bottom). C)
The quantification of the Olig2 immunostaining (representative images are shown in B)
demonstrate that the number of Olig2+ cells is reduced in the mutant mouse spinal cord at
E11.5 and E14.5 (n=3 mice per each). Error bars represent the SEM (p=0.0014 for E11.5
and p=0.086 for e14.5, two-tailed, unpaired t-test). Scale bars are 50 pm.
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Fig. 6.
Arx expression is induced by FoxA2 but not by Shh signaling. Electroporation of SmoM2

(A), AN-GIi3 (B) and FoxA2 (C) into the chick neural tube was followed by analysis for Arx,
FoxA2, Nkx2.2, Nkx6.1 and Isl2 expression. FoxA2 electroporation induced the ectopic
expression of Arx, Nkx2.2, Nkx6.1 and Shh. However, electroporation of SmoM2 or AN-GlIi3,
both activators of Shh signaling induced Nkx2.2 and Nkx6.1, or Nkx6.1 and Isl2, respectively
but failed to induce Arx expression. Scale bar in A is 50 pm.
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Fig. 7.

The ability of FoxA2 to induce Arx expression is dependent on its activation domain.
Constructs containing FoxA2, FoxA2AA (transcription activation domain deleted) or

FoxA2AR (transcription repression domain deleted) were electroporated into the developing
chick neural tube. Both the FoxA2 and the FOxA2AR expression constructs were able to

induce the expression of Arx and Nkx2.2. In contrast, FOxXA2AA failed to induce their

expression. Scale bar in upper left panel is 50 pm.
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Fig. 8.
Nkx2.2 represses Arx expression. A) Nkx2.2, FoxA2+Nkx2.2 or FoxA2 + Nkx2.2HD

(homeodomain only) electroporation into the developing chick spinal cord. Nkx2.2 alone
was able to induce FoxA2, but not Arx. The ability of FoxA2 to induce Arx is suppressed by
forced expression of Nkx2.2 but not by the homeodomain only mutant form of Nkx2.2
(Nkx2.2HD). B) SmoM2 or AN-Gli3 co-electroporation with FoXA2 into the developing
chick spinal cord. SmoM2 and AN-GIi3 failed to suppress the ability of FoxA2 to induce
expression of Arx. Scale bars in upper left panel of A and B are 50 pm.
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Fig. 9.
Schematic illustration of the proposed gene regulatory network in FP development. 1a) Shh

from the notochord induces FoxA2 in the FP. 1b) FoxA2 from the FP in turn activates Shh
induction in the FP. 1c) Shh also induces Nkx2.2, and Sox2 is required for this induction. 2)
FoxA2 turns on Arx expression in the FP. 3) FoxA2 and Arx cooperatively activates Shh
expression. 4a)-4b) FoxA2 represses Nkx2.2 and Nkx2.2 inhibits Arx expression, in a cell
autonomous manner.
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