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The motor neuron (MN)-hexamer complex consisting of LIM ho-
meobox 3, Islet-1, and nuclear LIM interactor is a key determinant
of motor neuron specification and differentiation. To gain insights
into the transcriptional network in motor neuron development, we
performed a genome-wide ChIP-sequencing analysis and found that
the MN-hexamer directly regulates a wide array of motor neuron
genes by binding to the HXRE (hexamer response element) shared
among the target genes. Interestingly, STAT3-binding motif is
highly enriched in the MN-hexamer-bound peaks in addition to
the HxRE. We also found that a transcriptionally active form of
STAT3 is expressed in embryonic motor neurons and that STAT3
associates with the MN-hexamer, enhancing the transcriptional ac-
tivity of the MN-hexamer in an upstream signal-dependent manner.
Correspondingly, STAT3 was needed for motor neuron differenti-
ation in the developing spinal cord. Together, our studies uncover
crucial gene regulatory mechanisms that couple MN-hexamer and
STAT-activating extracellular signals to promote motor neuron
differentiation in vertebrate spinal cord.

LIM homeodomain factor | LIF | Lhx3 | IsI1 | NLI

he combinatorial action of transcription factors is a prevalent
strategy for achieving cellular complexity in the CNS. How-
ever, how the combinatorial action of transcription factors leads
to the expression of distinct batteries of terminal differentiation
genes, which together establish a specific cellular identity; how
the cell fate-specifying transcription factors interact with extra-
cellular cues remain unclear. To address these questions, it is
essential to identify both the cis-regulatory elements in the genome,
which recruit a specific combination of transcription factors, and
the target genes associated with those cis-regulatory elements.
One of the best examples of combinatorial transcription codes
has emerged from studies of spinal motor neuron (MN) deve-
lopment (1). Two LIM-homeodomain (LIM-HD) factors, LIM
homeobox 3 (Lhx3) and Islet-1 (Isl1), are vital for directing MN
fate specification in the developing spinal cord (2-5). During this
process, two Isll:Lhx3 dimers bind to nuclear LIM interactor
(NLI, also known as LDB for LIM domain binding) that has a
self-dimerization domain, thereby forming the MN-hexamer com-
plex (Fig. 14 and Fig. S14) (2, 6). The combinatorial expression
of Lhx3 and Isll is capable of triggering MN specification in
chick spinal cord, ES cells (ESCs), and induced pluripotent stem
cells (2, 6-8). In contrast to MNs, during the specification of V2
interneurons, two Lhx3s and two NLIs form a tetrameric com-
plex, which directs the V2-interneuron fate (Fig. S14) (2, 9).
Thus, the combinatorial action of Lhx3 and Isl1, via the formation
of the MN-hexamer, is critical to determine MN identity over
V2-interneuron fate. However, key questions remain unanswered.
First, does the MN-hexamer directly control terminal differen-
tiation genes that are required for consolidating the functional
identity of MNs? Second, does the MN-hexamer collaborate with
other transcription factors and/or extracellular signals to control
its downstream target genes for MN differentiation? Identification
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of transcriptional regulators and extrinsic cues cooperating with
the MN-hexamer would provide important insights into MN de-
velopment. In this regard, it is noteworthy that leukemia inhibitory
factor (LIF) signaling and its downstream transcription factor
STAT3 have been implicated in MN survival and regeneration
following nerve injury (10-13). However, little is known about
the role of STAT3 and LIF signaling in MN differentiation. LIF
family cytokines bind receptor complexes, including Interleukin 6
Signal Transducer (IL6ST, also known as gp130) and LIF re-
ceptor (LIFR) subunits, and activate JAKSs, which subsequently
phosphorylate STAT3 transcription factors and enable STAT3 to
activate its target genes (14).

In this study, we uncovered a genome-wide map of MN-hexamer—
binding sites via ChIP-sequencing (seq) methods. This led to the
finding that the MN-hexamer directly activates terminal differ-
entiation genes. Furthermore, the ChIP-seq analyses also revealed
STAT3, which is activated by LIF-signaling, as a major collabo-
rating factor of the MN-hexamer in MN development. Together,
our findings provide critical insights into the gene regulatory net-
works for MN fate specification in which the MN-hexamer forms
a feed-forward regulatory network with STAT3.

Results

Genome-Wide Mapping of the MN-Hexamer-Binding Regions. To
identify direct targets of the MN-hexamer and transcription factors
collaborating with the MN-hexamer in an unbiased and compre-
hensive manner, we performed genome-wide ChIP-seq analysis of
MN-hexamer target genes. To immunopurify only MN-hexamer
targets that recruit Isll and Lhx3 simultaneously, we adopted
mouse ESC lines that express a FLAG-tagged Isl1-Lhx3 fusion
protein upon doxycycline (Dox) treatment, named inducible
MN-ESCs (iMN-ESCs) (8). The Isl1-Lhx3 construct consists
of full-length Isll and Lhx3 connected by a short linker and
therefore keeps an optimal equi-molar ratio of Isl1 and Lhx3
in forming the MN-hexamer complex with endogenous NLI in
cells (Fig. S14). Consequently, Isl1-Lhx3 is highly efficient and
specific in inducing MN differentiation in chick neural tube and
mouse ESCs (8), suggesting that Isl1-Lhx3 forms a functional
MN-hexamer complex that activates the expression of target
MN genes. The inclusion of a Flag epitope in the Isl1-Lhx3
construct makes it possible to use readily available high quality
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a-FLAG antibodies for ChIP. Thus, iMN-ESCs provide excel-
lent tools to identify MN-hexamer targets using ChIP-seq.

We purified the MN-hexamer-bound chromatin fragments by a
single ChIP with a-Flag antibody from Dox-induced iMN-ESCs, in
which FLAG-Isl1-Lhx3 was highly expressed (Fig. S1B). As a
negative control, we generated a ChlIP-seq library from FLAG-
immunoprecipitated chromatin from non-Dox treated iMN-ESCs
that did not express FLAG-Isl1-Lhx3. Comparison of Isl1-Lhx3—
bound and control ChIP-seq data sets with the QuEST peak
calling algorithm (15) identified a final set of 2,455 unique ge-
nomic regions, called “peaks,” which were significantly enriched
in the Dox-treated ChIP-seq library compared with the Dox-
untreated negative control library, at a false discovery rate <0.0051
(Dataset S1). As a validation of our approach, a strong peak was
detected in MN-specific enhancer of the Hb9 gene (Hb9-MNe)
that we have previously identified as an MN-hexamer target (6,
16, 17) (Fig. 1B). Sequences of Isl1-Lhx3-bound peaks displayed
a significantly higher degree of evolutionary conservation than
randomly chosen sequences (P value <2.2¢™'°), implying func-
tional significance of the peaks.

The Isl1-Lhx3-bound peaks are distributed throughout the
gene bodies, in the vicinity of the gene-coding regions (within
20 kb from a RefSeq transcription unit), and in intergenic regions
(Fig. 1C). To discover the potential targets of the MN-hexamer,
we identified genes that have the Isl1-Lhx3-bound peaks in the
gene bodies or within 20 kb from a RefSeq transcription unit
(Dataset S2). If no gene was found within the selected range from
a peak, the nearest genes to the peak were chosen as potential
targets. The analysis of gene ontology (GO) terms for the target
genes within 20-kb range or nearest genes from the ChIP-seq
peaks revealed that the MN-hexamer targets are highly enriched
for the genes involved in nervous system development, cell dif-
ferentiation, cell morphogenesis, neurogenesis, axon guidance,
cell adhesion, and axonogenesis (Fig. 1D). These data suggest
that the MN-hexamer directly controls a wide battery of genes
involved in essential aspects of MN differentiation.

Next, we performed the analyses to combine the ChIP-seq
data with the RNA-seq data, which identified transcriptome
changes upon expression of Isl1-Lhx3 in iMN-ESC-derived
spinal neurons (8). Among 975 differentially expressed genes
with cutoff of at least 1.5-fold changes, 281 genes have Isl1-Lhx3—
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bound peaks within 20 kb from their transcription units. Seventy-
seven percent of these genes (167 genes) were up-regulated by
Isl1-Lhx3 (Dataset S3), consistent with the idea that the MN—
hexamer functions mainly as a transcriptional activator complex
(6, 16). Thus, our analyses identified highly likely direct target
genes of the MN-hexamer, which recruit Isl1-Lhx3 and, at the
same time, are induced by Isl1-Lhx3 in their expression. Notably,
the ChIP score was not directly correlated with fold induction of
associated genes (Fig. S24), suggesting that stronger binding of
Isl1-Lhx3 does not necessarily result in a higher induction of the
target gene.

Identification of the in Vivo MN-Hexamer-Binding Motifs. To identify
in vivo motifs recruiting the MN-hexamer, we used two comple-
mentary motif discovery algorithms, Multiple Expectation Maxi-
mization for Motif Elicitation (MEME) (18) and Discriminative
Regular Expression Motif Elicitation (DREME) (19), on a total
of 2,455 peaks. The MEME algorithm uses expectation maxi-
mization to discover probabilistic models of DNA-binding by
single transcription factors or transcription factor complexes,
increasing the chance to identify de novo sequence patterns in
ChIP-seq peaks. The DREME algorithm uses a nonprobabilistic
model, thus complementing MEME with its ability to find very
short motifs that MEME often fails to detect. These analyses
discovered a 15-nucleotide-long motif, termed HXxRE (hexamer
response element)-long in ~30% of the Isl1-Lhx3-bound peaks
and a shortened HXRE sequences, named HxRE-short (Fig. 1E
and Dataset S4). A 2,343 HxRE-short motif was detected in
1,567 Isl1-Lhx3-bound peaks (~64% of total peaks), indicating
that a substantial fraction of the peaks have multiple HXRE-
short motifs. When we combined the counting of HXxRE-long
and HxRE-short, 2,648 HXRE sites were found in ~69% of the
Isl1-Lhx3-bound regions (1,687 peaks). Around 41% HxRE-
containing peaks have at least two HXxRE motifs. Both HXRE-
long and HxRE-short motifs are strongly enriched around the
center of the 500-bp-long peaks (position 0 in Fig. 1F), indicating
that these HXREs serve as a motif directly recruiting the MN—
hexamer to these genomic regions. The MEME analysis identi-
fied two HxRE-long motifs in 500-bp Hb9-MNe, which we have
previously mapped as the binding sites for the MN-hexamer using
mutational analyses (16) (Fig. 1G). These two HXREs are ~150 bp
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apart and evenly spaced from the summit of the peak. Each of
HxREs in Hb9-MNe is critical for the MN-specific enhancer
activity in the developing embryos (16), implying that the HXRE
motifs that we identified are functional in vivo. Together, our
motif analyses uncovered in vivo response elements of the MN—
hexamer, providing important insights into the mechanisms to
control MN gene transcription.

Enrichment of Binding Sites for STAT3 in Isl1-Lhx3-Bound Peaks. To
systematically identify the transcription factors that cooperate
with the MN-hexamer, we compared the motifs, which were iden-
tified to be significantly enriched in the Isl1-Lhx3-bound peaks by
MEME and DREME algorithms, to a database of known tran-
scription factor-binding motifs using the TOMTOM algorithm
(20). One of the most abundant non-HxRE motifs in the peaks
was STAT3 binding site (Fig. 24 and Fig. S2B). A total of 3,797
STATS3 sites were found in ~80% of total peaks, many of which
have multiple STAT3 sites (Dataset S4). Unlike HXRE motifs
that are enriched in —100 bp to +100 bp positions relative to
peak summit, STAT3 motif is more broadly distributed, being
significantly enriched within 300 bp from the center of the peaks,
compared with the genomic regions outside of these areas (Fig.
2B). Approximately 79% of HxRE-containing peaks also have at
least one STAT3 motif, including the Isl1-Lhx3-bound peak in
Hb9 (Fig. 2C). In these peaks that have both HxRE and STAT3
sites, HXRE motifs are enriched around the summit of the peaks,
whereas STATS3 site is broadly found with a relatively low fre-
quency in the center (Fig. 2D). These results suggest that HXRE
serves as a direct binding site for the MN-hexamer and that
STAT3 is corecruited with the MN-hexamer to the MN-hexamer—
target genes.

STAT3 Is Highly and Specifically Expressed in Developing MNs. Our
results predict that STAT3 is expressed in embryonic MNs. Indeed,
STAT3 was strongly induced at ~E10 in MNs soon after Isl1*

Lhx3* MNs were born, and was continuously expressed in MNs in
high levels at later stage of development (Fig. 2 E and F). To test
whether STAT3 is transcriptionally active in MNs, we performed
immunohistochemical analyses with an anti-phospho-STAT3
antibody that detects only Tyr705-phosphorylated STATS3, a tran-
scriptionally active form of STAT3. Phosphorylated STAT3 was
detected specifically in the nuclei of MNs (Fig. 2G), indicating that
STATS3 in embryonic MNs is activated by upstream signals and is
capable of enhancing the transcription of its target genes.

STAT3 Associates with the MN-Hexamer and Is Recruited to the MN-
Hexamer Target Genes. The coenrichment of HXRE and STAT3
sites in the MN-hexamer-bound genomic regions and the MN-
specific expression of STAT3 suggest that STAT3 could be a
partner transcription factor collaborating with the MN-hexamer
to regulate at least a subset of MN genes. To test whether STAT3
binds to the MN-hexamer target genomic regions, we monitored
the recruitment of STAT3 to a group of Isl1-Lhx3-bound peaks
that have both HXRE and STATS3 sites (Fig. S34) in iMN-ESCs
cultured with or without Dox. As expected, Isl1-Lhx3 bound to
each peak in Dox-treated iMN-ESCs (Fig. 2H and Fig. S3B).
Interestingly, STAT3 was recruited to the STAT3 site-bearing
peaks in the absence of Isl1-Lhx3, while STAT3 binding was
weakly enhanced upon the expression of Isl1-Lhx3 (Fig. 2H and
Fig. S3C), suggesting that the MN-hexamer is not required for
STATS3 recruitment to the hexamer target genes that have STAT3
sites but it is capable of promoting STAT3 binding to the targets.
Next, we tested whether STAT3 also promotes the MN-hexamer-
binding to its targets by monitoring the recruitment of Isl1-Lhx3 to
the HXRE"STATS3 site* peaks in P19 cells transfected with or
without STAT3 knockdown vector. Knocking down STAT3 sig-
nificantly attenuated Isl1-Lhx3 binding to the peak regions (Fig.
2[ and Fig. S4), indicating that STATS3 facilitates the recruitment
of the MN-hexamer to its target genes. These results prompted
us to test the association between the MN-hexamer and STAT3.
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Immunohistochemical analyses in E10.5 (E) and E12.5 (F and G) mouse developing spinal cord. STAT3 is specifically expressed and activated in embryonic MNs.
Spinal cords are outlined by dotted lines. (H) ChIP assays in iMN-ESCs with or without induction of FLAG-tagged Isl1-Lhx3. The cells were treated with LIF in all
conditions. STAT3 is recruited to Hb9-MNe, and Isl1-Lhx3 expression facilitates STAT3-binding to Hb9-MNe. (/) ChIP assays in P19 cells transfected FLAG-IsI1-Lhx3
and shRNA constructs. The cells were treated with LIF in all conditions. IsI1-Lhx3-binding to Hb9-MNe is reduced when STAT3 is knocked down. scr., scrambled
sequences. (J) Coimmunoprecipitation (ColP) analyses in iMN-ESC-derived MNs, treated with or without Dox and/or LIF. STAT3 is coimmunopurified with Isl1-Lhx3
independently of LIF, which triggers phosphorylation of STAT3. (K) In vivo ChIP assays in E12.5 spinal cords to monitor the recruitment of STAT3 and Y705-
phosphorylated STAT3 to the MN-hexamer-bound MN-specific enhancer. The phosphorylated STAT3 was recruited specifically to Hb9-MNe in embryonic spinal
cords. Control indicates the genomic area that does not have the MN-hexamer bound peak. Error bars (H, I, and K) represent the SD.
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Interestingly, Isl1-Lhx3 associated with endogenous STAT3 in-
dependently of LIF signaling, which triggers phosphorylation of
STAT3 at Tyr705 residue and elicits the transcriptional activity
of STAT3 in iMN-ESC-derived MNs (Fig. 2J). Together, our
data suggest that although the MN-hexamer and STAT3 alone can
bind to their respective binding motifs, the association of MN—
hexamer and STATS3 facilitates their recruitment to the target
MN genes.

To examine the binding of endogenous STAT3 to the MN-
hexamer target genes in vivo, we performed ChIP assays using
E12.5 mouse embryonic spinal cords using a-STAT3 and
a-Tyr705-phosphorylated STAT3 antibodies and found that
the phosphorylated form of STAT3 is recruited to the Hb9-
MNe (Fig. 2K). These results indicate that STATS3 is recruited
to the MN-hexamer target genes in the developing spinal cord.

STAT3 Collaborates with the MN-Hexamer to Activate the MN Gene
Enhancer. To test whether STAT3 phosphorylation is needed for
the association between STAT3 and the MN-hexamer, we ex-
pressed HA-tagged STAT3 with Isll and/or Lhx3 in HEK293T
cells that express NLI endogenously, treated cells with or without
LIF, and immunopurified Isl1/Lhx3-associating proteins. Both
Isll and Lhx3 associated with STAT3 independently of LIF sig-
naling (Fig. 3 4 and B). Consistently, STAT3F mutant, in which
Tyr705 residue is mutated to phenylalanine and thus is refractory
to the signal-dependent STAT3 phosphorylation, was also coim-
munopurified with Isl1, similarly to STAT3 WT (Fig. 3C). To test
whether DNA binding of the MN-hexamer is required for
STAT3/MN-hexamer association, we used DNA-binding de-
fective point mutants of Isll and Lhx3, Isl1-N230S, and Lhx3-
N2118S, respectively (2), for ColP assays and found that Lhx3-
N211S and Isl1-N230S associate with STAT3 (Fig. 3 D and E).
Together, our data indicate that the association of STAT3 and the
MN-hexamer is independent of STAT3 phosphorylation and the
DNA-binding activity of the MN-hexamer.

Although neither STAT3-acativating signals nor STAT3 phos-
phorylation is required for the association between STAT3 and
MN-hexamer, it is possible that they are needed for STAT3-
directed transcriptional activation of MN genes. To monitor
the effect of STAT3 and STAT3-activating signals on the MN-
hexamer-mediated transcriptional activation, we performed lucif-
erase (LUC) reporter assays using Hb9-MNe:LUC in P19 cells.
STATS3 activation via expression of STAT3 WT and LIF treat-
ment enhanced the transcriptional activation of Hb9-MNe by Isll,
Lhx3, and Neurogenin2 (Ngn2), whereas nonphosphorylatable
STAT3F mutant failed to enhance the MN-hexamer—directed

transcriptional activation (Fig. 3F). These data indicate that
STAT3 cooperates with the MN-hexamer to activate the MN gene
enhancers and that this transcriptional cooperation requires
STAT3-Tyr705 phosphorylation by upstream signals.

STAT3 Plays Important Roles for MN Differentiation. To test whether
STAT3 affects the MN-hexamer-mediated MN differentiation
during spinal cord development, we examined ectopic MN for-
mation triggered by expression of Isl1-Lhx3, with or without a
constitutively active STAT3 (STAT3-CA) that is transcriptionally
active independently of upstream signaling, in the developing
chick spinal cord (Fig. 4 A4 and B). Isl1-Lhx3 triggered ectopic
MN differentiation in ~35% of electroporated cells in the dorsal
spinal cord. STAT3-CA increased the efficiency of ectopic MN
generation to ~58% when coelectroporated with Isl1-Lhx3,
whereas STAT3-CA alone did not induce ectopic MNs. These
data indicate that STAT3 is capable of enhancing MN differ-
entiation potential of the MN-hexamer.

To further examine the role of STAT3 in MN development,
we inhibited the action of endogenous STAT3 by expressing
dominant negative forms of STAT3 (STAT3-DNs), STAT3F and
STAT3D, which lack tyrosine phosphorylation and DNA-binding
activity of STAT3, respectively (21), in the chick neural tube.
Expression of STAT3-DNs reduced the number of Hb9* MNs by
~26%, compared with the unelectroporated control side (Fig. 4C
and Fig. S54). Similar results were also obtained using Isll as an
MN marker (Fig. 4C), indicating that blockade of STAT3 activity
led to a substantial suppression of MN formation. STAT3-DNs
neither reduced the number of Olig2* MN progenitors nor af-
fected cell death or proliferation (Fig. 4C). In addition, STAT3-
DNs did not inhibit generation of interneurons that do not ex-
press STAT3, such as Chx10* V2 interneurons and Lim1*
interneurons (Fig. 4C and Fig. S54).

Together, our data indicate that STAT3 plays important roles
in MN specification during spinal cord development.

STAT1 and STAT3 Function Redundantly to Promote MN Differentiation.
Next, we asked whether other STAT proteins, which share DNA-
binding motifs with STAT3 (22) and thus could bind to STAT3
site in MN genes, play redundant roles with STAT3 in MN dif-
ferentiation. Similarly to STAT3, STAT1 expression was induced
as MNs were born and was maintained in postmitotic MNs (Fig.
4D). Furthermore, like STAT3, STAT1 associated with Isl1-Lhx3
independently of LIF signaling, and was recruited to the MN—
hexamer target Hb9-MNe (Fig. 4 E and F). Knocking down
STAT1 or STAT3 individually using shRNA constructs resulted in
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Tyr705-phosporylation- and DNA-binding-independent man-
ner, but enhances the MN-hexamer-directed transcription in a
STAT3-Tyr705-phosporylation-dependent manner. (A-E) ColP
analyses in HEK293T cells, transfected with vectors as indicated
at the top of each panel. The cells were treated with or without
LIF 16 h before ColP assays. Isl1 and Lhx3 associate with STAT3
in cells independently of LIF (A and B) and STAT3-Y705 phos-
phorylation (C). DNA-binding defective point mutants of Lhx3
and Isl1, Lhx3-N211S and IslI1-N230S, respectively, also associate
with STAT3 (D and E). (F) Luciferase reporter assays in P19 cells
using Hb9-MNe:LUC reporter with expression vectors as indi-
cated below the graph. STAT3 WT, but not phosphorylation-
defective STAT3F mutant, enhanced the activation of Hb9-MNe:
LUC by coexpression of Isl1, Lhx3, and Ngn2 in the presence of
. LIF. Error bars represent the SD. *P < 0.05, **P < 0.005 in two-
tailed Student t test.
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(B and C) Error bars, SD; *P < 0.01, **P < 1.0 x 1074, ***P < 1.0 x
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associates with the MN-hexamer and is recruited to the enhancers of MN genes, which have HxREs and STAT3-response elements (STAT-RE). This leads to the

transcriptional cooperation to induce the expression of MN genes.

reduction of Hb9" MNs by ~28 and ~34%, respectively (Fig. 4G
and Fig. S5B), suggesting that STAT1 as well as STAT3 are im-
portant for MN generation. Moreover, although low concentra-
tion of sh-STAT1 or sh-STAT3 construct alone did not cause
reduction of MNs, simultaneous knockdown of STAT1 and
STATS3 by coelectroporating the same concentration of both
constructs decreased the number of Hb9* MNs by ~42% (Fig.
4H). Together, our data suggest that STAT1 and STAT3 play
redundant roles in promoting MN differentiation.

Discussion

The Role of the MN-Hexamer as a Terminal Selector for the MN Fate.
Past studies have uncovered a network of inductive signaling cues
and transcription factors that direct specification of spinal MNs,
a critical component of motor circuits (1, 23). Sonic hedgehog
(Shh), an inductive cue secreted from the floor plate, and Olig2,
a basic helix-loop-helix transcription factor that specifies the MN
progenitors, led to up-regulation of Lhx3 and Isll, two DNA-
binding components of the MN-hexamer (24-28). The gain-
and loss-of-function studies suggest that the MN-hexamer
functions as a terminal selector of the MN fate that is posi-
tioned downstream of Shh and progenitor transcription regu-
lators (2, 6-8). However, it remained unknown whether the MN—
hexamer directly controls the expression of a terminal differen-
tiation gene battery that establishes unique MN properties or
whether it functions as an intermediate activator that turns on
a master transcription factor that specifies the MN fate. More-
over, it is unclear whether, and if so how, the MN-hexamer col-
laborates with other transcription factors and/or extracellular
signals to manifest its critical biological actions. Aiming to answer
these important questions, we identified comprehensive ge-
nome-wide occupancy map of the MN-hexamer using ChIP-seq
technology. Our ChIP-seq results indicate that the MN-hexamer
directly controls a wide range of terminal differentiation genes
that are involved in neurogenesis, axonogenesis, axon guidance,
and synaptic function via in vivo cis-regulatory elements that re-
cruit the MN-hexamer. A significant fraction of the peaks has more
than one HXRE, consistent with the idea that the MN-hexamer
target genes would bear at least two HXREs, each of which binds to
Isl1:Lhx3 dimer (Fig. 14). Notably, the in vivo HXRE motif de-
duced from the ChIP-seq peaks shows higher degeneracy than the

Lee et al.

in vitro motif inferred from the SELEX (for systematic evolution
of ligands by exponential enrichment) screening method (6),
consistent with the notion that SELEX selects only high-affinity
sites for the given transcription factors (29). The less optimal
nature of the in vivo HXRE motifs could be beneficial to allow
other transcription factors, such as Ngn2 (16) and STAT1/3, to
cooperate with the MN-hexamer in facilitating the target gene
transcription, providing a convergence point with signaling pathways
and other transcription factors. In the future, it will be interesting to
investigate how the potential targets of the MN-hexamer, identified
in this study, control diverse MN properties, such as axon guidance
and formation of neuromuscular junctions.

The Transcriptional Regulatory Networks for MN Fate Specification
and Differentiation. Our genome-wide occupancy analysis of the
MN-hexamer revealed the cross-talk between the MN-hexamer
and STAT proteins in MN gene regulatory networks (Fig. 41).
Our data support a model in which the complex of the MN-
hexamer and STAT3 is recruited to the enhancer regions con-
taining both HXREs and STAT-binding motifs in MN genes (Fig.
4I). Then, upon arrival of extrinsic signals, STAT3 enhances the
transcriptional activity of the MN-hexamer, facilitating the ex-
pression of MN genes. Notably, STAT3 is a latent transcription
factor that is activated in response to various extracellular ligands
(30). Our studies revealed that STAT3-activating signaling path-
way is activated in MNs and that STAT3-activating signaling,
which triggers STAT3 Tyr705 phosphorylation, is required for
STATS3 to enhance the MN-hexamer—-mediated transcriptional
activation. Together, the cross-talk between the MN-hexamer
and STAT?3 provides crucial insights into mechanisms by which
extracellular signals influence specification and differentiation of
MNs. Our data indicate that STAT1 and STAT3, which recog-
nize the similar STAT-binding motif, play redundant roles in
promoting MN differentiation. Consistently, conditional deletion
of the STAT3 gene in postmitotic neurons was not sufficient to
cause the loss of embryonic MNs, although it led to defects in
MN survival after nerve lesion in postnatal life (13). Future
analysis of mouse models deficient in multiple STAT genes or
upstream signaling molecule common to all STATSs will enhance
our understanding of the role of LIF-STAT signaling pathway in
MN development.
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An important aspect of MN fate commitment is to suppress
alternative cell fates, especially V2 interneurons that share de-
velopmental regulators with MNs along the lineage specification
(1). The binding of the MN-hexamer to a MN-specific enhancer
in the HbY gene, predicted from previous studies (6, 16, 17), was
confirmed by ChIP-seq in this study. Combined with the reports
that Hb9 inhibits aberrant V2-interneuron genes in MNs (6, 31,
32), these findings support a feed-forward loop model that, be-
sides directly activating MN genes, the MN-hexamer also inhibits
the expression of V2-interneuron genes by inducing Hb9 (6).

The MN-hexamer acts in a concerted manner with multiple
transcription regulators, such as STAT1/3, Hb9, and Ngn2, to es-
tablish the MN development program in which these transcription
factors are interconnected by feedback or feed-forward loops that
stabilize developmental lineage decision. This intricately connected
gene network would allow the MN-hexamer to induce terminal
differentiation genes that dictate various functional aspects of MNs.

Materials and Methods

Details are provided in S/ Materials and Methods. For ChIP-seq assays,
iMN-ESCs were cultured on 0.1% gelatin-coated dishes in the ESC growth
media lacking LIF in the presence or absence of doxycycline (2 pg/mL),
which induces the expression of FLAG-tagged Isl1-Lhx3, for 1 d. Approxi-
mately 4 x 10° cells were subject to ChIP assays. ChIP DNA samples were
prepared for sequencing according to the Illumina protocol and sequenced
with the lllumina Genome Analyzer lIx. The sequence reads of 50 or 36 bp
generated from lllumina GApipeline were mapped to mouse reference
genome (NCBI37, mm9) using BWA software (v0.5.8a) with default parameters
(33). The peak calling was conducted with QUEST v2.4 software (15) using the
“transcription factor” option (bandwidth 30 bp, region size 300 bp) and the

. Lee SK, Pfaff SL (2001) Transcriptional networks regulating neuronal identity in the
developing spinal cord. Nat Neurosci 41183-1191.

. Thaler JP, Lee SK, Jurata LW, Gill GN, Pfaff SL (2002) LIM factor Lhx3 contributes to the
specification of motor neuron and interneuron identity through cell-type-specific
protein-protein interactions. Cell 110(2):237-249.

. Pfaff SL, Mendelsohn M, Stewart CL, Edlund T, Jessell TM (1996) Requirement for LIM
homeobox gene Isl1 in motor neuron generation reveals a motor neuron-dependent
step in interneuron differentiation. Cell 84(2):309-320.

4. Sharma K, et al. (1998) LIM homeodomain factors Lhx3 and Lhx4 assign subtype
identities for motor neurons. Cell 95(6):817-828.

. Tanabe Y, William C, Jessell TM (1998) Specification of motor neuron identity by the
MNR2 homeodomain protein. Cell 95(1):67-80.

. Lee S, et al. (2008) A regulatory network to segregate the identity of neuronal sub-
types. Dev Cell 14(6):877-889.

. Hester ME, et al. (2011) Rapid and efficient generation of functional motor neurons
from human pluripotent stem cells using gene delivered transcription factor codes.
Mol Ther 19(10):1905-1912.

. Lee S, et al. (2012) Fusion protein Isl1-Lhx3 specifies motor neuron fate by inducing
motor neuron genes and concomitantly suppressing the interneuron programs. Proc
Natl Acad Sci USA 109(9):3383-3388.

. Joshi K, Lee S, Lee B, Lee JW, Lee SK (2009) LMO4 controls the balance between ex-
citatory and inhibitory spinal V2 interneurons. Neuron 61(6):839-851.

10. Li M, Sendtner M, Smith A (1995) Essential function of LIF receptor in motor neurons.

Nature 378(6558):724-727.

11. DeChiara TM, et al. (1995) Mice lacking the CNTF receptor, unlike mice lacking CNTF,
exhibit profound motor neuron deficits at birth. Cell 83(2):313-322.

12. Oppenheim RW, et al. (2001) Cardiotrophin-1, a muscle-derived cytokine, is required
for the survival of subpopulations of developing motoneurons. J Neurosci 21(4):
1283-1291.

13. Schweizer U, et al. (2002) Conditional gene ablation of Stat3 reveals differential
signaling requirements for survival of motoneurons during development and after
nerve injury in the adult. J Cell Biol 156(2):287-297.

14. Turnley AM, Bartlett PF (2000) Cytokines that signal through the leukemia inhibitory
factor receptor-beta complex in the nervous system. J Neurochem 74(3):889-899.

15. Valouev A, et al. (2008) Genome-wide analysis of transcription factor binding sites
based on ChiIP-Seq data. Nat Methods 5(9):829-834.

16. Lee SK, Pfaff SL (2003) Synchronization of neurogenesis and motor neuron specifi-

cation by direct coupling of bHLH and homeodomain transcription factors. Neuron

38(5):731-745.

N

w

5

o

~

00

©

11450 | www.pnas.org/cgi/doi/10.1073/pnas.1302676110

recommended peak calling parameters (30-fold Isl1-Lhx3-ChIP to control
enrichment for seeding the regions, threefold Isl1-Lhx3-ChIP enrichment for
extending the regions, and threefold Isl1-Lhx3-ChIP to control fold enrich-
ment). For the analysis of peak location, we used mm9 RefSeq gene anno-
tation. We assigned the peaks to the exons that exclude untranslated
regions, 5’ untranslated regions, 3’ untranslated regions, introns, up to 20 kb
upstream from the 5’ end of a transcription start site (TSS), up to 20 kb
downstream from the 3’ transcription end site (TES), and intergenic regions
(with a distance greater than 20 kb upstream from any TSS or 20 kb
downstream from any TES). To associate each peak to genes, the potential
target RefSeq genes were identified with the following criterion: at least
one ChiP-seq peak located from 20 kb upstream or downstream of a gene.
If no gene is found within the selected range from a peak, the nearest
genes to the peak were chosen as potential targets. Analysis of GO terms
was performed using DAVID (34). The MEME-ChIP Suite (19) was used for
motif analysis with some modifications based on its standard protocol.
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