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Abstract

Functional diversification of motor neurons has occurred in order to selectively control the
movements of different body parts including head, trunk and limbs. Here we report that tran-
scription of Is/1, a major gene necessary for motor neuron identity, is controlled by two
enhancers, CREST1 (E1) and CREST2 (E2) that allow selective gene expression of Is/7 in
motor neurons. Introduction of GFP reporters into the chick neural tube revealed that E1 is
active in hindbrain motor neurons and spinal cord motor neurons, whereas E2 is active in the
lateral motor column (LMC) of the spinal cord, which controls the limb muscles. Genome-
wide ChIP-Seq analysis combined with reporter assays showed that Phox2 and the Isl1-
Lhx3 complex bind to E1 and drive hindbrain and spinal cord-specific expression of Is/7,
respectively. Interestingly, Lhx3 alone was sufficient to activate E1, and this may contribute
to the initiation of Is/7 expression when progenitors have just developed into motor neurons.
E2 was induced by onecut 1 (OC-1) factor that permits /s/7 expression in LMCm neurons.
Interestingly, the core region of E1 has been conserved in evolution, even in the lamprey, a
jawless vertebrate with primitive motor neurons. All E1 sequences from lamprey to mouse
responded equally well to Phox2a and the Isl1-Lhx3 complex. Conversely, E2, the enhancer
for limb-innervating motor neurons, was only found in tetrapod animals. This suggests that
evolutionarily-conserved enhancers permit the diversification of motor neurons.

Author Summary

During evolution, motor neurons became specialized to control movements of different
body parts including head, trunk and limbs. Here we report that two enhancers of Isl1, E1
and E2, are active together with transcription factors in motor neurons. Surprisingly, E1
and its response to transcription factors has been conserved in evolution from the lamprey
to man, whereas E2 is only found in animals with limbs. Our study provides an evolution-
ary example of how functional diversification of motor neurons is achieved by a dynamic
interplay between enhancers and transcription factors.
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Introduction

Motor neurons are composed of multiple units called motor columns and motor pools special-
ized to innervate particular peripheral muscles [1]. Motor neurons in the hindbrain innervate
and control the movement of head and neck, while somatic motor (sm) neurons in the spinal
cord control body muscles. Limbs and body walls are innervated by separate motor columns
occupying different mediolateral positions in the ventral spinal cord; thus lateral motor column
(LMC) neurons control limbs, preganglionic column (PGC) neurons control sympathetic gan-
glia, medial motor column (MMC) and hypaxial motor column (HMC, formerly known as
MMCI) neurons control the body walls. The diversification of motor neurons is achieved by
combinations of transcription factors restricted to particular motor columns: Phox2 factors
specify cranial motor neurons and the LIM-homeodomain (HD) factors Isl1 and Lxh3 specify
sm neurons [2-5]. Naturally, the interplay between cis-regulatory elements (i.e., promoters and
enhancers) and trans-regulatory elements (i.e., transcription factors) is critical for selective gene
expression in individual motor neuron subsets. Furthermore, although studies in Hox clusters
revealed that signals of body patterning initiate motor neuron diversification, motor neuron-
specific transcription control of downstream players in action is not still fully understood [6-8].

Isl1 is a member of the LIM-homeodomain (HD) transcription factor family present in
somatic and visceral motor (vim) neurons once they are postmitotic [9]. Genetic and biochemical
studies have demonstrated that Isl1 is critical for assigning sm neuron identity, and forms a hex-
amer complex with Lhx3 [5,9]. Once their pan-motor neuronal identity is acquired via the
Isl1-Lhx3 complex, motor neurons further diverge to create multiple motor columns. Motor
neurons that retain the Isl1-Lhx3 complex become MMC neurons, while the expression of
Foxpl defines LMC and PGC neurons [10,11]. Isl1 continues to be expressed in most somatic
and vm neurons, raising the possibility that dynamic transcriptional control of Isl1 is achieved by
differences in the cellular environment of the individual motor neuron subsets. Searches for Is/I
enhancers by comparative functional genomics have revealed multiple cis-regulatory elements
(CREs) specific for motor neurons, such as CREST1 and CREST2 identified in zebrafish [12,13].
However, the trans-regulating elements (TREs) that interact with them and the strategy used to
achieve accurate spatiotemporal control of subtype-specific enhancer complexes remain unclear.

Interestingly, Isl1 is found in the motor neurons of many animal species, including primitive
aquatic animals such as lampreys and ascidians [14,15]. This led us to reason that evolutionary
diversification of motor neurons may have occurred along with the transcriptional control of
Isl1 activity in newly-defined motor neuronal subsets. Indeed, chordate ascidians contain
primitive vm neurons that share molecular characteristics of cranial motor neurons in the ver-
tebrate CNS [14]. Aquatic agnatha (jawless fish) vertebrates such as the lamprey only have sm
neurons that contact the body wall, and display traits of MMC and HMC neurons [16,17]. The
LMC and PGC neurons arose only later when paired appendages such as limbs (or lateral fins)
and a sympathetic nervous system evolved in fish and amphibians [16,18,19]. Thus, motor
neurons have constantly developed to expand the repertoire of motor neuron subsets and con-
trol novel body parts while the transcriptional control of Isl1 diversified in parallel.

In the present study, we asked whether transcription programs that diversify motor neurons
are conserved or change during evolution and, if so, whether motor neurons build new pro-
grams when new paired appendages appear. We found that Is/I expression in motor neurons
was mainly controlled by two enhancers, CREST1 and CREST?2 (herein called E1 and E2), with
the help of the dedicated transcription factors Phox2, Isll and Lhx3, and onecut (OC) factor
[12]. Chromatin Immunoprecipitation Sequencing (ChIP-Seq) analysis and reporter assays
demonstrated that Phox2, Isl1 and Lxh3 induce E1 activity in motor neurons in the hindbrain
and the spinal cord, whereas OC-1 selectively induce E2 activity in limb-innervating motor
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neurons. Comparative genomic approaches showed that the core region of E1 was conserved
from jawless fish to humans, whereas E2 was only found in animals with paired appendages.
Together our findings demonstrate that motor neuron-specific expression of Isl1 has been con-
served in evolution with the help of two major enhancers, and that new strategies were adopted
to accommodate newly added paired appendages.

Results
Characterization of Is/7 enhancers that label motor neuronal subsets

To understand the mechanism by which Isl1 becomes selectively expressed in certain neuronal
subtypes, we chose to characterize two major Isl/I enhancers originally identified in the zebra-
fish [12]. To examine their functions in more detail, we generated GFP reporters under the
control of the enhancers, and electroporated them into the chick neural tube, aiming at either
the hindbrain or spinal cord. There are three different types of motor neurons in the develop-
ing hindbrain: branchiomotor (bm), visceral motor (vim) and sm neurons [20]. When the E1::
GEFP reporter was introduced into the hindbrain, whole mount immunostaining showed that
GFP was expressed in the peripheral projections of all types of cranial motor neurons (Fig 1A).
Transverse sectioning confirmed that the GFP signal co-distributed with Isl1 immunoreactivity
in hindbrain motor neurons (Fig 1B-1D). The mini CMV promoter or minimal Is/I promoter
produced very low level activity by themselves, confirming the specificity of the E1 enhancer
(S1A, SIB, SID and SIE Fig). An El reporter with reverse orientation also showed motor neu-
ron-specific activity, consistent with the orientation-independent character of enhancers (S1C
Fig). Conversely, the activity of the E2 GFP reporter was not detectable in motor neurons, but
only weakly found in sensory ganglia of the hindbrain (Fig 1E-1H).

In the spinal cord, the distribution of GFP-labeled axons in wholemount immunostained
embryos and transverse sections showed that the E1 enhancer was active in all motor columns
but not in sensory neurons (Fig 11-1M). E2 enhancer activity was found in sensory neurons,
and LMC and HMC neurons but not in MMC neurons (Fig IN-1R). 3D reconstruction of z-
slice images clearly demonstrated that the E1 but not the E2 reporter was active in MMC neu-
rons (S1 and S2 Movies). Together these results show that E1 is active in motor neurons in
both the hindbrain and spinal cord, while E2 activity is restricted to subsets of motor neurons
in the spinal cord.

Spatiotemporal activation of the Is/7 enhancers occurs in specific motor
neuron subtypes

To pinpoint the motor somata that were labeled by the E1 and E2 reporters, we constructed
reporters for nuclear GFP (nGFP), which becomes localized to cell bodies. Expression of Isl1,
Foxpl, Lhx3 and GFP was assessed by quadruple-immunostaining of individual sections to
locate individual motor columns. At brachial levels, MMC neurons express Isl1 and Lhx3,
while HMC neurons only express Isl1. LMC neurons are divided into medial LMC (LMCm)
and lateral LMC (LMCI), which are Foxp1™Isl1™ and Foxp1'Isl1", respectively [10,11]. At these
levels, E1 was active in all motor neurons (42.0% in MMC neurons; 43.6% in HMC; 13.4% in
LMCm; 9.0% in LMCI) (Fig 2A, 2B and 2Q). This pan-motor neuronal activity of E1, with
expression even in the LMCI neurons, which do not express Isl1, led us to reason that stable
expression of GFP may persist after the enhancer is no longer active. To monitor enhancer
activity in situ, we constructed a reporter with destabilized nGFP (ndGFP), whose half-life is
less than 4 hours [21]. The majority of cells labeled by destabilized GFP under the control of
the E1 enhancer were Lhx3* MMC neurons (12.8%) rather than LMC neurons (0.2%) or HMC
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Fig 1. Characterization of the Is/1 enhancers in the neural tube. (A-C, E-G) GFP expression in wholemount and transverse sections of HH stage 24 chick
embryos electroporated with E1::GFP and E2::GFP reporters. The CMV::RFP vector was co-electroporated as an internal control. The E1::GFP reporter
labels both branchiomotor (filled arrowheads, B, C) and somatic motor (empty arrowheads, B) axons. E2::GFP weakly labels sensory ganglia (E,
arrowheads). FB, forebrain; MB, midbrain; BA, branchial arch; OV, otic vesicle; Ill, oculomotor N; V, trigeminal N.; VII, facial N.; VIII, abducens N.; IX,
glossopharyngeal N.; X, vagus N.; XI, accessory N.; XIl, hypoglossal N. (I-L, N-Q) E1::GFP and E2::GFP reporter activity in chick spinal cords after in ovo
electroporation. The E1::GFP reporter is active in all somatic motor neurons (arrowheads, |, K, L), including dorsally projecting MMC axons (open arrowhead,
L) but not in dorsal root ganglia (DRG, asterisk, L). The E2::GFP reporter is active in ventrally projecting motor neurons (arrowheads, P, Q) and DRG
(asterisk, N, Q) but not in MMC neurons (open arrowhead, N, Q) (>20 sections in 8 embryos in each group). (D, H, M, R) Schematic diagrams of the activity of
E1 and E2 reporters in the hindbrain and spinal cord. Scale bars: in E, 1 mm for A, E; in G, 100 um for B, C, F, G; in N, 200 pm for I, N; in O, 100 um for J, O; in
P, 100 ymfor K, P; in Q, 100 ym for L, Q.

doi:10.1371/journal.pgen.1005560.g001

neurons (1.0%) (Fig 2E, 2F and 2R). ndGFP expression labeled a streak of cells next to the
pMN domain; these were newborn migrating motor neurons (Fig 2E). In contrast, E2:nGFP
expression was mostly found in LMC (12.1% in LMCm; 3.9% in LMCI) rather than MMC
(0.3%) neurons, and expression of destabilized GFP was mostly found in LMCm neurons
(10.4%) and in MMC neurons (1.9%) but not in LMCI neurons, in good agreement with
endogenous Isll expression in LMCm neurons [22] (Fig 21, 2], 2M, 2N, 2S and 2T).
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Fig 2. The E1 and E2 enhancers label different subsets of motor neurons. (A-H) Activity of the E1 enhancer fused with the nuclear GFP (nGFP) or
destabilized nuclear GFP (ndGFP) reporter electroporated into HH stage 10 to 12 chick neural tubes. The enhancer activity in each motor column was
analyzed by quadruple labeling of GFP, Lhx3, Foxp1 and Isl1 by immunohistochemistry. Images of GFP, Lhx3, Foxp1 and GFP, Isl1 and Foxp1 in each
condition were obtained from identical sections. Arrowheads are migrating immature motor neurons (A, E). (I-P) Distribution of motor neurons labeled by the
E2::nGFP and E2::ndGFP reporters. (B, D, F, H, J, L, N, P) Diagrams summarize the distribution of GFP reporter expression (circles) in MMC (green), LMCm
(red), LMCI (blue), HMC (light green) and PGC (orange) at brachial and thoracic levels. (Q-T) The proportion of GFP-expressing cells in each column (>16
sections in 8 embryos in each group) was determined. Error bar represents SEM using three replicates. Scale bar: 50 ym.

doi:10.1371/journal.pgen.1005560.9002

Next we examined the enhancer activities at thoracic levels where Isl1"Lhx3™ MMGC, Isl1*
Lhx3" HMC and Isl1"Foxp1 "PGC neurons are present [10]. The E1:nGFP reporter was
detected in all motor columns (38.6% in MMC; 30.7% in PGC; 29.5% in HMC), whereas the
destabilized E1:ndGFP reporter was restricted to MMCs and PGCs and was barely seen in
HMC:s (Fig 2C, 2D, 2G, 2H, 2Q and 2R). E2:nGFP reporter activity was found in MMCs
(8.0%), PGCs (11.9%) and HMCs (1.3%), while the E2::ndGFP reporter was located in PGCs

PLOS Genetics | DOI:10.1371/journal.pgen.1005560 October 8, 2015 5/27



@’PLOS | GENETICS

Motor Column-Specific Expression of Is/7 by Enhancers

(1.0%) and HMCs (1.6%) (Fig 2K, 2L, 20, 2P, 2S and 2T). In summary, E1 activity persists in
MMC and PGC neurons and E2 is mostly active in LMCm neurons.

Phox2 homeodomain transcription factors regulate Isl1 expression via
the E1 enhancer in bm/vm neurons

We next sought to identify transcription factors in motor neurons that bind to the IslI
enhancer. When we looked for potential transcription factor binding sites using rVISTA
(http://rvista.dcode.org/), we found multiple transcription factor binding motifs within the E1
enhancer, mostly motifs for homeodomain transcription factors. We then carried out luciferase
assays using an El:luciferase construct cotransduced with diverse homeodomain transcription
factors and others that are present in motor neurons as follows: Phox2, Isl1, Lhx3, Barx2,
Tbx20, Isl2, Nkx6.1, Hb9, Meis1, Pbx1, Otp, Shox2, Hmx3, Pax6, Sip and OC-1 [23-29]. Of the
various homeodomain transcription factors, only Phox2a/b and Lhx3 induced expression of
the E1 reporter gene (S2 Fig).

Phox2a and Phox2b are two paralogous homeodomain transcription factors present in bran-
chio-and visceromotor (bm/vm) neurons in the hindbrain [2-4]. Misexpression of Phox2 fac-
tors induces ectopic expression of Isl1 when electroporated into the spinal cord, indicating that
Phox2 factors may activate IslI enhancers [2,30]. We first explored ChIP-Seq data for Phox2
genomic binding sites in iNIP cells, an inducible embryonic stem cell line with bm/vm neuronal
properties [31] (Fig 3A and S3 Fig). Remarkably, the highest Phox2 ChIP-Seq peak between 620
kb downstream and 540 kb upstream of the IslI locus was in E1, around 220 kb downstream of
the IslI transcription start site. To further define Phox2 binding sites within E1, a series of dele-
tions and point mutations was introduced into E1 (Fig 3B and S5A Fig). In luciferase assays,
Phox2a induced E1 activity by 4.13-fold but did not induce E2, suggesting its specificity to E1
(S2B Fig). A fragment containing nt 320-479 of E1 proved to be sufficient for activation by
Phox2a, whereas the mutE1-3 and mutE1-4 sites abolished activation (Fig 3B and S5A Fig).

We and others previously showed that overexpression of Phox2 factors induced ectopic
expression of Isl1 within the chick spinal cord, and that the ectopic Isl1* cells had bm/vm char-
acteristics determined by their expression of the bm/vm marker Tbx20 (S4F-S4H and S4K-
S4M Fig) [2,30]. The Isl1* cells induced by Phox2a, however, did not express markers for other
neuronal classes such as Brn3a (for dI3 neurons) and MNR?2 (for sm neurons) (S41, S4], S4N
and S40 Fig). Thus, we decided to use Isl1" as a phenotypic readout for the ability to induce
hindbrain motor neuron identity. When deletions and point mutations were introduced in E1,
GFP expression in the spinal cord was not changed except in the cases of nt320-470 E1 and
mutE1-3 (S4P-S4V and S4Y Fig). Nt320-470E1 was not active in spinal cord motor neurons
because the Isl1-Lhx3 binding motif was partially deleted (S4Q and S5A Figs). Nevertheless it
remained active in the hindbrain, implying that the fragment is involved specifically in bm/vm
neuron expression (54X Fig). When Phox2a was electroporated, dorsal expansion of GFP
reporter activity was found in nt 320-479 E1, mutE1-1 and mutE1-2, but not in mutE1-3 and
mutE1-4 (Fig 3G-3K and S5A Fig). MutE1-3 GFP expression was entirely lost in the neural
tube, indicating that the mutE1-3 site is also essential in spinal cord sm neurons (S5A Fig). On
the other hand, mutE1-4 only lost its activity in the dorsal spinal cord, in which bm marker
Tbx20 but not Brn3a or MNR2 was induced, but its GFP expression was intact in sm neurons
(Fig 3K and S4K-540 Fig). This implies that Phox2 binding to the mutE1-4 motif turns on IslI
selectively in hindbrain motor neurons (mostly branchiomotor/visceral) but not in spinal cord
motor neurons (mostly somatic). Axonal projection in wholemount and transverse sections of
chick embryos also confirmed the restricted activity of mutE1-4 in hindbrain sm neurons
(S6A-S6H’ Fig). We also demonstrated specific binding of Phox2 at the E1-4 site by gel shift
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Fig 3. Phox2 regulates Isl1 expression via the E1 enhancer in bm/vm neurons. (A) Phox2a ChIP-Seq peaks around /s/7 locus in NIP cells from two
independent experiments. Note the highest peak in the E1 region. (B) Luciferase reporter activity of the E1 reporter and its derivatives in 293T cells. Error
bars represent SEM. ***p < 0.001; unpaired Student’s t-test (n = 3). (C-K) Comparison of E1::GFP reporter derivatives by chick in ovo electroporation.
Induction of GFP by Phox2a (brackets, E, G-1) in which Phox2a was induced (compare D vs F) was abolished in the case of mutE1-3 and mutE1-4 (J, K). (L)
GFP intensity in dorsal spinal cord was measured in each group. Error bars represent SEM. **p < 0.01, ***p < 0.001 vs. E1; ###p < 0.001 vs. E1 with
Phox2a; n.s., not significant; Kruskal-Wallis test (> 16 sections in 5 embryos in each group). (M, N) Interaction between the Phox2b and E1-4 motifs was
demonstrated in gel shift assays and chromatin immunoprecipitation experiments. Asterisks are Phox2-containing protein-DNA complexes. (O, P) E1::
ndGFP reporter activity is reduced in siPhox2b-electroporated group. CMV::RFP was co-electroporated to confirm electroporation efficiency. (Q)
Quantification of E1::ndGFP labeled motor neurons in each group. Error bar represents SEM. ***p < 0.001; unpaired Student’s t-test (n = 34 sections;
siPhox2b, n = 48 sections). Scale bars: in K, 100 ym for C-K; in P, 100 um for O, P.

doi:10.1371/journal.pgen.1005560.9003

assays and chromatin IP (Fig 3M and 3N). We next tested whether Phox2 factor is necessary
for inducing E1 activity in vivo. When we knocked down chick Phox2b by siRNA, E1 activity
was diminished in bm neurons (Fig 30-3Q and S7A Fig). Together, our results suggest that
Phox2 factor is necessary and sufficient to induce E1 in hindbrain bm neurons.

Next we generated stable transgenic embryos carrying E1 and mutE1-4 GFP reporters.
GFP-labeled peripheral projections were found in the hindbrain and spinal cord of whole-
mount E1::GFP embryos (Fig 4A-4B’). In transverse sections of these embryos GFP expression
was found in Isl1"Phox2b" facial motor neurons of rhombomere (r) 4, indicating that E1::GFP
is active in bm/vm neurons (Fig 4C, 4C’, 4E and 4E’). Sm neurons in the caudal hindbrain also
expressed E1::GFP (S6E, S6G and S6G’ Fig). Wholemount GFP staining of mutE1-4:GFP
showed that GFP was expressed in the peripheral projections of the spinal cord but not in the
hindbrain (Fig 4B and 4B’). Transverse sections of the hindbrains of mutE1-4::GFP embryos
also showed that GFP expression was absent from facial motor neurons and other bm/vm neu-
rons (Fig 4D, 4D’, 4F, 4F, S6D and S6F Fig). However, the sm neurons in the caudal hindbrain
expressed mutE1-4::GFP (S6F, S6H and S6H’ Fig). In the spinal cord, GFP expression by both
El and mutE1-4 reporters was found in sm neurons at brachial and thoracic levels (Fig 4G-
4]’). Thus, Phox2-E1 interaction is required for specific expression of Isl1 in bm/vm neurons.
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Fig 4. Characterization of E1::GFP and mutE1-4::GFP transgenic mice. (A-B’) Wholemount view of E11.5 E1::GFP and mutE1-4::GFP transgenic mice.
In the hindbrain, the branchiomotor (bm) projections were labeled by E1::GFP (bracket, A’) but not by mutE1-4::GFP (bracket, B’). Both the E1 and mutE1-4
reporters are active in the spinal cord. Ill, V, VIl projections are labeled with GFP in E1::GFP mice (filled arrowheads, A’). Only weak expression of V, VII
remained in mutE1-4 mice (open arrowheads, B’). (C-F’) Transverse sections of hindbrain r4 facial motor neurons of E11.5 E1::GFP and mutE1-4::GFP
transgenic mice. Phox2b™ facial motor neurons (dotted circles) express GFP in E1::GFP but not in mutE1-4::GFP mouse embryos. Occasionally, non-
specific GFP expression appeared in the dorsal hindbrain area (asterisks, C, E). (G-J') Transverse sections of the spinal cords of E1::GFP and mutE1-4::
GFP transgenic mice. Both mice express GFP in somatic motor (sm) neurons (dotted circles). Arrowhead marks migrating immature motor neurons (G’).
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Transgenic embryos show more than 80% of consistency in their GFP expression (8/10 in mutE1-4::GFP embryos). Scale bars: in B, 1.2 mm for A, B; in B’,
0.9 mmfor A’, B’; in F’, 120 um for C-F’; in J’, 100 um for G-J.

doi:10.1371/journal.pgen.1005560.g004

Lhx3 and the Isl1-Lhx3 complex activate the E1 enhancer within somatic
motor neurons

Since the E1 enhancer is active in spinal motor neurons and Phox2 is not present in the spinal
cord, transcription factors other than Phox2 presumably control its activity in the spinal cord.
Our luciferase assays with diverse transcription factors showed that Lhx3 also activated the E1
enhancer (See S2 Fig). Lhx3 is present in p2 and pMN domains and participates in producing
V2a interneurons and motor neurons, respectively (Fig 5A-5C) [5]. Isl1 appears when pMN
progenitors just become postmitotic, which assigns pan-motor neuron identity by forming a
hexamer complex with Lhx3 (Fig 5B and 5C) [5,32]. When motor neurons further diverge into
multiple motor columns, only MMC neurons co-express Isll and Lhx3 [1,33]. In line with this,
we detected E1:ndGFP reporter activity in cells that co-expressed Isl1 and Lhx3 (see Fig 2E, 2F
and 2R). To test whether enhancer activity in the spinal cord was altered in the presence of Isl1
and Lhx3, we electroporated cells with the E1::GFP reporter together with Isl1 and Lhx3. When
Isl1 alone was electroporated, E1 enhancer activity remained restricted to motor columns, as in
the GFP controls (Fig 5D). In contrast, when Lhx3 was electroporated, E1 enhancer activity
was expanded into the dorsal column where ectopic Chx10* V2a interneurons arose, although
to a lesser degree than the group electroporated with Isl1 and Lhx3 (Fig 5E and 5V). Co-elec-
troporation of Isl1 and Lhx3, or introduction of DDI1L3, which mimics the Isl1-Lhx3 complex,
also resulted in expansion of E1 activity in the dorsal spinal cord, in which ectopic MNR2"
motor neurons were induced (Fig 5F-5H’ and 5V) [5]. We also tested whether misexpression
of LIM factors induced transcription of the endogenous Is/I gene in the dorsal spinal cord
where the GFP reporter was induced. Since our Isl1 antibody does not distinguish between
chick and mouse Isl1 (they are 99% similar), we used Isl2 instead of Isl1, a paralogue of Isl1
with similar biological activity [34,35]. No E1 reporter activity was found in the presence of
Is12 alone (Fig 51 and 5V). In contrast, when IsI2 and Lhx3 were introduced, ectopic Isl1
appeared in the dorsal spinal cord, consistent with the expansion of GFP expression driven by
E1 (Fig 5]-5L and 5V). To determine whether the effect of Lhx3 required the LIM domain, we
functionally blocked that domain by co-electroporating AL-Lhx3, LMO4 or the dimerized
domain (DD) [5]. The induction of the E1 enhancer was blocked in all three conditions, indi-
cating that LIM domain-based complex formation is required for Lhx3 to activate the E1
enhancer (S8 Fig). Luciferase reporter assays also showed that E1 was induced by Lhx3, Isl1
+Lhx3 and DDI1L3 but not by Isl1 (Fig 5W).

Repressors prevent abnormal activation of E1 in progenitors and V2
interneurons

Although Lhx3 is present in pMN progenitors and activates E1, we did not observe E1 activity
in the pMN region (Fig 5A). Only a streak of migrating motor neuron progenitors that had just
left the pMN domain expressed the E1::GFP reporter, and this coincided with the appearance
of a low level of Isl1 protein (Fig 5B-5B™). Thus, some unknown repressor may suppress the
initial expression of Isl1 in pMN progenitors and this repression may be released around the
time when the progenitors become postmitotic motor neurons [9]. To test this hypothesis, we
tested the effect of Olig2 on Lhx3 expression since Olig2 is present in the pMN domain, is
required for motor neuron specification and is extinguished in postmitotic motor neurons
[36,37]. In HH stage 23 embryos, differentiating progenitors at lateral region of the pMN
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Fig 5. Lhx3 and the Isl1-Lhx3 complex activate the E1 enhancer in somatic motor neurons, and this is repressed by Sox1 and Chx10. (A-B"™) Activity
of the E1::nGFP enhancer and expression of Olig2, Lhx3 or Isl1 in HH stage 23 and 26 chick embryos. Dotted lines mark the border of pMN domain and
arrowheads mark migrating motor neurons that weakly express Isl1 (> 16 sections in 6 embryos in each group). (C) Summary diagram of transcription factors
present in pMN and p2 progenitors and neurons. (D-H’) Co-electroporation of GFP reporters with Isl1, Lhx3, Isl1 and Lhx3 (Isl1+Lhx3), or ddI1L3 in chick
neural tubes. Expression of IsI1 and Lhx3 and their activity to induce ectopic MNR2* motor neurons or Chx10* V2a interneurons were assessed by triple
labeling of sections with markers indicated. Lower panels (D’-H’) show identical sections without GFP overlay. The E1 reporter is activated by Lhx3, Isl1
+Lhx3 or ddI1L3 (brackets), which overlapped with Chx10 (open arrowheads, E, G) or MNR2 (arrowheads, F-H). (I-L) Ectopic Isl1 expression in the Isl2
+Lhx3 group but not in the Lhx3-electroporated group. Overexpression of Isl2 and Lhx3 were confirmed as indicated. (M-U) Co-electroporation of GFP
reporters with Lhx3, Olig2, Sox1 or Chx10 as indicated. Overexpression of Olig2, Sox1, Lhx3 and Chx10 were confirmed as indicated. The E1 reporter driven
by Lhx3 was repressed in both dorsal and ventral spinal cords in the presence of Olig2, Sox1 and Chx10 (dotted brackets, N, Q, T). (V) GFP intensity in
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dorsal spinal cord of electroporated groups. Error bars represent SEM. ***p < 0.001 vs. vector; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Lhx3; Kruskal-Wallis
test (> 14 sections in 6 embryos in each group). (W) Induction of the E1 luciferase reporter by various transcription factors. Error bars represent SEM.
*¥**p < 0.001; unpaired Student’s t-test (n = 3). Scale bars: in A””, 20 ym for A-A™; in B™, 50 ym for B-B™; in U, 50 ym for D-U.

doi:10.1371/journal.pgen.1005560.g005

domain co-expressed Olig2 and Lhx3 but lacked E1::GFP activity (Fig 5A-5A7). As expected,
co-electroporation of Olig2 with Lhx3 suppressed the activity of the latter as an inducer of E1
(Fig 5N, 50 and 5V). The induction of E1 luciferase reporter activity by Lhx3 was also inhib-
ited by Olig2 (Fig 5W). Conversely, Olig2 was not effective in reducing E1::GFP expression in
endogenous motor neurons or E1 GFP activity driven by Isl1 and Lhx3 (S5C Fig). Thus, Olig2
selectively blocks activity of Lhx3 complex. This was abolished when putative E-box sequence
in E1 was mutated, indicating that Olig2 may bind to this site (S5A and S5K-S5M Fig).

Since Lhx3 is also present in the p2 domain where V2 interneurons arise, the E1 enhancer
might also be expected to be active in the p2 domain and V2 interneurons. However, this was
not observed in our experiments, raising the possibility that an unknown repressor suppresses
E1 activity in the p2 domain. Therefore we tested the effect of two known repressors, Sox1 and
Chx10, present in the p2 domain and postmitotic V2a interneurons, respectively [38-40].
When electroporated, Sox1 and Chx10 were effective in repressing the ectopic induction of GFP
reporter activity driven by Lhx3 (Fig 5Q, 5R, 5T, 5U and 5V). There are two predicted
Chx10-binding motifs in E1 but mutating them did not abolish the repressive activity of Chx10
(S5A and S5N-S5S Fig). Since Chx10 binds to AT-rich nucleotides and is known to block hex-
americ Isl1-Lhx3 at the Hb9 promoter, we decided to test whether the Isl1-Lhx3 binding motif
E1-3 that we had identified was required for repression by Chx10 [32]. Because mutating the
E1-3 site abrogated E1 activity, we could not test the repressive activity of Chx10 using mutE1-
3. Instead, we used tandem repeats of the E1-3 site (6xE1-3) for GFP reporter and found that its
induction by Lhx3 or Isl1-Lhx3 was blocked by Chx10 (S5T-S5V, S5X and S5Y Fig). This
appeared to require DNA binding since the Chx10 N51A point mutant defective in DNA bind-
ing failed to repress the induction of 6xE1-3 (S5W Fig) [41]. In the case of Sox1, ANSox1 was
still potent in its repression but C-Sox1 lacking the DNA binding domain was not (S5G-S5]
Fig) [40]. Thus, DNA binding is also required for Sox1-mediated repression. The E1 reporter
was still active in motor neurons in the presence of Sox1 or Chx10, indicating that the repressors
are only effective in non-motor neurons. Nevertheless, Chx10 but not Sox1 was able to inhibit
the induction of E1:GFP reporter by exogenous Isl1 and Lhx3 (S5D and S5E Fig). We conclude
that E1 activity is repressed by Sox1 in p2 progenitors and by Chx10 in V2a interneurons.

Isl1 and Lhx3 bind to E1 enhancer in somatic motor neurons

To search for Isl1-Lhx3-binding motifs in the E1 reporter, we examined the results of ChIP-Seq
in NIL cells, inducible embryonic stem cells with sm neuronal traits [31]. Strong binding of Isl1
and Lhx3 occurred in E1 (Fig 6A). Of the luciferase reporters with point mutations, all were
induced by Isl1 and Lhx3 except mutE1-3, and the activity of all the GFP reporters except
mutE1-3 appeared ectopically in the dorsal spinal cord when Isl1 and Lhx3 were co-electropo-
rated (Fig 6B-6H and 6]-6L). E2 was not induced by Isl1 and Lhx3, suggesting the specificity
of E1 (S2B Fig). GFP expression of mutE1-3 was completely lost even in the ventral spinal
cord, indicating that E1-3 site activity relies on the endogenous Isl1 and Lhx3 present in motor
neurons. MutE1-3 reporter activity was present in bm/vm neurons in the hindbrain when the
reporter was introduced by electroporation, indicating that the E1-3 site is sm neuron-specific
and its alteration by mutation does not affect basal transactivating ability (S6I and S6] Fig). To
test whether the E1-3 site was sufficient to drive sm-specific gene expression, we generated a
GFP reporter with six tandem repeats of the E1-3 site (6xE1-3). Expression of the 6xE1-3
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Fig 6. The Isl1-Lhx3 complex activates the E1 enhancer in somatic motor neurons. (A) Isl1 and Lhx3 ChIP-Seq peaks around the /s/7 locus in NIL cells.
The highest peaks of both ChIP-Seq profiles lie in E1. (B) The Phox2 motif (shaded in green) and LIM-HD motif (shaded in red) are shown in E1. The point
mutations introduced into the homeodomain recognition motifs are underlined. (C) Luciferase activity of various E1 reporters in the presence of ddI1L3. Error
bars represent SEM. *p < 0.05; **p < 0.01; unpaired Student’s t-test (n = 3). (D-K) In ovo electroporation of E1 derivatives with Isl1 and Lhx3 constructs.
MutE1-3 is not active in the dorsal spinal cord in the presence of Isl1 and Lhx3, unlike the others (brackets, D-F, H). Six tandem repeats of the E1-3 site
(6xE1-3) were sufficient for ectopic reporter activity (bracket, 1). Expression of Isl1 and Lhx3 was validated in adjacent sections in which E1 was
electroporated (J, K). (L) GFP intensity in dorsal spinal cord was measured in each group. Error bars represent SEM. ***p < 0.001 vs. E1; ###p < 0.001 vs.
E1 with Isl1+Lhx3; Kruskal-Wallis test (> 14 sections in 5 embryos in each group). Scale bar: 100 um.

doi:10.1371/journal.pgen.1005560.g006
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reporter was selective in sm neurons by itself and expanded dorsally in the presence of Isl1 and
Lhx3, indicating that Isl1-Lhx3 binding to the E1-3 site is sufficient to drive motor neuron-spe-
cific gene expression (Fig 61, 6L and S4V Fig). Together our results suggest that Isl1-Lhx3 com-
plex activates E1 in motor neurons.

OC-1 binds to E2 enhancers to drive LMCm-specific expression of Isl1 in
tetrapods

E2 sequences are conserved in mouse, chicken, zebrafish and fugu, but no E2 sequences were
identifiable in the non-tetrapod chordate, lamprey and the cephalochordate amphioxus, at
least in any currently available database [42-44] (S9 Fig). This indicates that E2 might have
appeared in genomes when limb structures arise in the early vertebrates. All the E2 sequences
derived from mouse, chicken and zebrafish were active in motor columns of the ventral spinal
cord (Fig 7A-7C). We also generated putative E2 reporter from fugu and found that it was spe-
cific for motor neurons (Fig 7D). To search for E2-binding transcription factors, we first exam-
ined ChIP-Seq data for Phox2, Isl1 and Lhx3 binding in embryonic stem cell lines but found
no significant peaks in the E2 region (S9 Fig) [31]. In a candidate approach, we decided to test
the activity of OC factors, previously known to promote LMC identity and bind to E2 in ChIP
assays [45]. When the OC-1 factor was co-electroporated, E2::GFP reporters became active in
the entire spinal cord (Fig 7H-7L and 7P). OC-1 did not induce El::luciferase reporter as previ-
ously reported (S2B Fig) [45]. Using the UCSC genome browser, we searched for two putative
OC factor-binding sites in the E2 enhancer that were highly conserved in fugu, stickleback, zeb-
rafish, coelacanth, chicken, mouse and human (Fig 7R). MutE2-1 and mutE2-2 retained their
activity in motor neurons but only mutE2-1 responded to OC-1 (Fig 7E, 7F, 7H, 7M, 7N and
7P). When both sites were mutated in mutE2-3, the reporter was not induced by OC-1 (Fig 7G,
70 and 7Q). Similar responses were observed in luciferase assays in that the induction of E2
activity by OC-1 was significantly downregulated in mutE2-3 (Fig 7S). We also tested whether
downregulation of OC factors affect E2 activity or not. When we knocked down OC-1 and
OC-2 by siRNA, E2::GFP activity was significantly reduced (Fig 7T-7V and S7B-S7D Fig).
Similarly, when we misexpressed Hoxc9 that switchs the LMC identity to thoracic motor neu-
rons as determined by reduced expression of Foxpl and Raldh2, E2 activity was also downregu-
lated (S7E-S7L Fig) [46]. Together, our results suggest that OC factors are necessary and
sufficient to induce the LMC-specific activity of the E2 enhancer.

Evolutionary diversification of motor neuron-specific enhancers

It has been shown that the E1 enhancer sequence is strongly conserved from fugu to human.
We confirmed this, and found that the Phox2-binding and Isl1-Lhx3-binding motifs we identi-
fied were also highly conserved (Fig 8A). To examine the vertebrate origin of motor neurons,
we tested for the presence of the E1 enhancer in the lamprey, a living representative of the
most ancient vertebrates [42,43]. Although there was generally little conservation of the entire
E1 sequences, we found that the core region of E1 containing the Phox2 and Isl1-Lhx3 binding
sites were relatively well conserved (Fig 8B and 8C). To test whether enhancer activity was con-
served, we generated GFP enhancers from the E1 sequences of mouse, chick, zebrafish and
lamprey and electroporated them into the chick spinal cord. All the reporters showed bm neu-
ron-specific GFP expression in the chick hindbrain (Fig 8D, 8H, 8L and 8P). The mouse, chick
and lamprey E1 enhancers were active in the motor neurons of the spinal cord, and expanded
in the presence of Phox2 or Isl1-Lhx3 (Fig 8E-8G, 81-8K and 8Q-8S). However, zebrafish E1
was not active in the spinal cord motor neurons but nevertheless was induced by mPhox2 and
zIsl1-zLhx4 in the dorsal spinal cord (Fig 8L-80). The same analysis was applied to the E2
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Fig 7. OC-1 activates the E2 enhancer in LMC neurons. (A-D, H, I-L, P) E2 GFP reporters from the mouse (mE2), chick (cE2), zebrafish (zE2) and fugu
(fE2) were active in the chick spinal cord motor neurons and expanded their expression to the dorsal spinal cord in the presence of OC-1. Overexpression of
mouse OC-1 was confirmed by in situ hybridization (P). (E-G, M-O) mutE2-3 carrying mutations in two OC-binding sites abolish responsiveness to OC-1,
unlike mutE2-1 and mutE2-2, which have one site mutated. (Q) GFP intensity in dorsal spinal cord. Error bars represent SEM. **p < 0.01 vs. E1; #p < 0.05,
#i##p < 0.001 vs. E1 with OC; Kruskal-Wallis test (> 13 sections in 5 embryos in each group). (R) Multiple sequence alignment of potential OC-binding sites
(shaded in pink) in the E2 enhancer in human, mouse, chicken, coelacanth, zebrafish, stickleback and fugu. Asterisks indicate conserved nucleotides
conserved in all 7 species. Sequences for OC-1 motifs mutation assays were underlined and mutated sequences are shown in red. (S) Luciferase activity of
E2 derivatives in the presence of OC-1. Error bars represent SEM. ***p < 0.001; unpaired Student’s t-test (n = 3). (T, U) Co-electroporation of siOC-7 and
siOC-2 reduces E2::GFP reporter expression in the chick spinal cord. (V) Measurements of GFP intensity in each group. Error bar represents SEM.

*%*%*p < 0.001; unpaired Student’s t-test (n = 22 sections; siOC-1 + siOC-2, n = 20 sections). (W) A model of arrangements of transcription factors and
enhancers during motor neuron development. The diagram of Isl1-Lhx3 hexamer complex is simplified. Scale bar: 50 ym.

doi:10.1371/journal.pgen.1005560.g007
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Fig 8. Conservation of putative regulatory elements of the E1 enhancer in vertebrates. (A) Alignment of the E1 enhancers in several organisms using
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had different activities when electroporated into the chick neural tube. Scale bars: in P, 100 um for D, H, L, P; in S, 50 um for E-G, I-K, M-O, Q-S.

doi:10.1371/journal.pgen.1005560.9008
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enhancer sequence. In contrast to Uemura et al, we detected the E2 enhancer sequence with
conserved OC binding motifs in fugu [12]. We were unable to retrieve any putative E2
sequence from the lamprey genome when we conducted a BLAST search using E2 sequences
from human, mouse, chicken, coelacanth, zebrafish, stickleback, and fugu [42]. We also found
no match in amphioxus genomic data [44]. To be sure of the absence of E2 in the lamprey
genome, we also analyzed vertebrate basewise conservation scores (phyloP) using the newest
version, mmc10, which includes the lamprey genome (S9 Fig). Together, we conclude that
motor neuron-specific E1 activity in the CNS is well-conserved from lamprey to man, whereas
E2 appeared first in fugu along with the origin of limb/fin structures.

Discussion

The interplay between the E1 enhancer and transcription factors occurs
in parallel with the diversification of hindbrain and spinal cord motor
neurons

Motor neurons consist of multiple motor columns that innervate distinct muscle targets. Each
motor column expresses some combination of transcription factors that form the basis for
diversification of motor neurons [1,33]. Naturally the interplay between cis-regulatory ele-
ments (i.e., promoters and enhancers) and trans-regulatory elements (i.e., transcription fac-
tors) is critical for selective gene expression in individual motor neuronal subsets. In the
present study, we focused on transcriptional regulation of Islet1, one of the representative
markers of motor neurons that define motor neuron identity. Using stable and destabilized
GFP reporters introduced into chick embryos, we demonstrated that E1 and E2 are differen-
tially expressed in motor neuron subsets: E1 is active in all motor neurons and later becomes
restricted to cranial motor neurons and MMC and PGC neurons in the spinal cord; E2 is more
selective, being active in limb-innervating LMCm neurons that express Isl1, in line with previ-
ous reports in the zebrafish [12] (Fig 7W).

In the present work we have further characterized the transcription factors that interact
with enhancers and found that Phox2 binds to E1 and drives IslI expression in the hindbrain.
Phox2a is necessary and sufficient to drive E1 activity since exogenous Phox2a induced E1
activity in embryos and cell lines, and knockdown of Phox2b by siRNA abrogated E1 activity.
We designated as E1-4 the Phox2a binding site in E1 whose mutation abolished its activity in
bm neurons but not in sm neurons. The mutE1-4 enhancer was not responsive to exogenous
Phox2a but responded well to exogenous Isl1 and Lhx3, all of which supports the existence of
bm neuron-specific gene transcription mechanisms. Similarly, we have demonstrated that the
Isl1-Lhx3 complex induces E1 in sm neurons via the E1-3 site. Mutations at the E1-3 site abol-
ished expression in sm neurons and prevented induction by Isl1-Lhx3. It is noteworthy that
the mutE1-3 construct did not respond to exogenous Phox2a but was active in native bm neu-
rons. Perhaps the cellular environment of the ectopic bm neurons was not as favorable as the
native ones, and additional factors present in bona fide bm neurons may bind to this site and
facilitate the action of Phox2a on E1. A likely candidate for such a factor is Isl1; the idea that it
synergises with Phox2a is suggested by the surprisingly extensive overlap between binding sites
for Phox2a and for Isll in a genomewide ChIP-Seq analysis [31]. Alternatively, Phox2a may
act together with bHLH factors, as has been suggested to occur in sympathetic neurons [47].

Previous studies by us and others have demonstrated that Isl1 switches the stoichiometry of
the tetrameric Lhx3 complex to that of a hexameric Isl1-Lhx3 complex to induce motor neuron
identity, and aberrant assembly of the Lhx3 complex in motor neurons is prevented by repres-
sors such as LMO factors and Hb9 [5,32,35]. In this study, we unexpectedly found that the
Lhx3 complex is capable of activating E1, which may contribute to the initiation of Is/I
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transcription when motor neurons are about to become postmitotic. Nevertheless, ectopic
expression of Isl1 in Lhx3-expressing motor neuron progenitors and V2 interneurons was
blocked by the repressors Olig2, Sox1 and Chx10. These repressors were thus effective in block-
ing the activation of E1 by Lhx3. Interestingly, the ectopic formation of motor neurons and the
E1 activity induced by Isl1-Lhx3 were also blocked by exogenous Chx10 but not by Olig2 and
Sox1, suggesting that the potencies of these repressors or their mechanisms of action were dif-
ferent; repression may require DNA binding or protein-protein interaction. For instance, Olig2
may act as a repressor by binding to the E-box element, or it may squelch other bHLH factors
such as Ngn2 by protein-protein interaction; either way it suppresses motor neuron formation
[48]. In our study, we mapped the E-box site in E1 and found that mutating it made E1 insensi-
tive to Olig2. Thus, DNA binding of Olig2 is important for its repressive action on El. In the
case of Chx10, mutating two consensus Chx10 binding sites had no effect. Interestingly, it is
reported that the binding sites for Chx10 and hexameric Isl1-Lhx3 are similar and therefore
Chx10 may inhibit Isl1-Lhx3 binding to the Hb9 promoter [32]. In agreement with this we
showed that Chx10 inhibits the transcriptional activation of tandem repeats of the E1-3 site by
Isll and Lhx3. The point mutant Chx10 N51A deficient in DNA binding failed to inhibit the
activity of E1-3 site, implying that Chx10 may bind to this site. What then would be the expla-
nation for selective inhibition of Lhx3 complex activity by repressors? Our results in chick
embryos and cell lines showed that the Lhx3 complex is less potent than the Isl1-Lhx3 complex
in activating E1. This could be due to the lower DNA binding affinity of the Lhx3 complex
demonstrated previously [32]. In addition, the binding elements for the Lhx3 and Isl1-Lhx3
complexes appear to be qualitatively different, and the different arrangements of multiple
repeats and spacing between them should make the difference even greater, and may render
the Lhx3 complex more susceptible to repressors [32].

It is noteworthy that Isl1 alone is not effective in inducing motor neuron identity or activat-
ing the E1, unlike Lhx3 or Isl1-Lhx3. Structure-function analysis suggests that NLI favors its
binding to LIM domains of Lhx3 over Isl1, indicating that Lhx3 could be more efficient in
forming a tetrameric complex in vivo [49]. In addition, the Lhx3 binding domain (LBD) of Isl1
at the C-terminus binds to Lhx3 to form hexameric Isl1-Lhx3 complex, which makes tetra-
meric Lhx3 or Isll complexes less available [5]. Recently, it is reported that the LBD domain
also interacts with the LIM domains of Isl1 [50,51]. The intramolecular interaction is weak but
specific, preventing unnecessary DNA binding and facilitating cofactor exchange in the cell.
Indeed, Isl1 is known to act in synergy with other nuclear factors in neurons and other tissues
[52-54]. Together, more diverse choice of cofactors and its tendency to suppress its own bind-
ing to DNA may explain weak biological activity of Isl1 by itself in motor neurons.

Considering the evolutionary emergence of transcription factors, it is noteworthy that
Phox2 and Islet are found even in Ciona internalis in which Mnx-expressing somatic and
Phox2-expressing visceral neurons are distinguishable [14,55]. Phox2 and Islet factors are also
found in the lamprey and amphioxus, whose motor neurons are primitive, lacking motor col-
umns and motor pools [56-58]. Thus, Phox2 and Isl1-Lhx3 were used in the motor neurons of
ancient aquatic animals even before they diversified. In line with this, we identified Phox2 and
Isl1-Lhx3 binding motifs in E1 enhancers from lamprey to man. Anatomical and genetic com-
parisons between species have suggested that the boundary between the hindbrain and spinal
cord motor neurons is defined even in amphioxus (cephalochordate) and lamprey (chordate)
[59-61]. Hence it appears that the motor neuron-specific activation of Isl1 with the help of
Phox2 and Isl1-Lhx3 is evolutionarily conserved.

In this study, zebrafish E1 was not active in chick spinal cord motor neurons nor was it acti-
vated by exogenous Isl1-Lhx3 factors from other species. Nevertheless, we found that it was
induced by zebrafish Isl1-Lhx4. There was only a one base difference between the Isl1-Lhx3
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binding site in ZE1 and the sites in mouse and chick. Substituting the binding site in mE1 for
zE1 did not make it responsive to mIsl1 and mLhx3. It is possible that species differences in
LIM-HD factors account for the absence of zE1 activity in chick spinal cords. However, the
LIM-HD factors of zebrafish and chick differ by only one or two amino acids. In fact substan-
tial cross-species variation has been reported in protein-DNA interactions that cannot be sim-
ply explained by changes in protein or DNA sequences [62,63]. Since an additional whole
genome duplication event occurred in ray-finned fish including zebrafish, it is possible that
extensive rearrangements of multiple cis- and trans-elements may have contributed to the zeb-
rafish-specific transcription program.

The E2 enhancer and OC factor define limb-innervating motor neurons
in tetrapod animals

We and others have shown that the E2 enhancer is selective for LMCm neurons in the limb-
innervating motor columns that express Isl1 [12]. Our detailed fate mapping analysis showed
that E2 enhancer activity is strong in LMCm neurons. We and others also showed that E2
responded to OC-1 factors, which are important for LMC-specific gene expression [45]. In
mice deficient in OC factors there are fewer LMCm neurons and more LMCI and PGC neurons
as a result of a reduced level of Isl1 protein [45]. In line with this, we demonstrated that knock-
down of OC factors or disruption of LMC identity by manipulating the Hox code coincided
with reduced E2 activity. Taken together, these findings suggest that OC factors and E2 activity
are important for maintaining Isl1 expression in LMCm neurons.

LMC neurons were added to motor columns when limb/fin structures appeared during evo-
lution, and this coincided with the appearance of the Hox co-factor FoxP1 and loss of Lhx3
[16,19]. FoxP1 interacts with Hox proteins, which were altered in parallel with the emergence
of paired fins/limbs [11,64]. Foxp1 also suppresses Lhx3, and this suppression is a prerequisite
for LMC identity [10,11]. Likewise, in the absence of Foxp1, LMC neurons display HMC-like
properties, reflecting their evolutionary origin [65]. Nevertheless, LMCm neurons maintain
Isl1 expression in the absence of Lhx3, and thus in the absence of the Isl1-Lhx3 complex.
Hence it is likely that tetrapod animals adopted the alternative enhancer E2 together with OC
factors to maintain Isl1 expression in LMCm neurons due to the absence of Lhx3.

Gradual specification of motor column identity

We used two reporters, one expressing stable GFP and the other, transient destabilized GFP, to
trace cells that had activated the reporter at least once during their development and cells that
were currently activating the enhancer, respectively. In this way, we expected to see whether
motor column identity was acquired progressively or not. We found that the stable E1::GFP
reporter marked all motor neurons, starting from the initial E1 activity in newborn motor neu-
rons that had just begun to express Isl1. Thus, the transient assembly of Isl1 and Lhx3 in order
to initially acquire motor neuron identity occurs in all motor neurons subsets, as previously
suggested [5]. On the other hand, the destablized E1 reporter representing current E1 activity
only labeled MMC and PGC. This suggests that E1 continues to be active in MMC and PGC,
but that the initial activity of E1 disappears in the other motor columns. LMC neurons appear
to initially use the E1 enhancer to obtain pan-motor neuron identity but later shut off E1 activ-
ity when they lose Lhx3. In the case of E2 reporters, the stable and transient E2 GFP reporters
were both expressed in motor neurons once they reached a lateral position, mostly in LMCm
neurons. Thus, the latter may use E1 and E2 sequentially to drive Isl1 expression during their
transition from pan-motor neurons to LMC neurons. LMCI neurons acquire their identity
when they pass through the LMCm area, in which they are exposed to retinoic acid signaling
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[66,67]. This induces Lhx1, which suppresses expression of Isl1 and specifies the LMCI fate.
Thus, E2 may be initially active in all LMCs but later cease to be active in LMCI neurons when
they migrate more laterally, with the help of Lhx1 and retinoids. Thus, gradual changes in the
interactions between transcription factors and enhancers lead motor neurons to acquire their
columnar identity progressively.

We have seen that E1 has been evolutionarily conserved since the era of the lamprey, a jaw-
less vertebrate which possesses primitive motor neuron [56]. Recent comparative genomic
studies have demonstrated that the segmentation of hindbrain and spinal cord is conserved in
the lamprey, and is under the control of patterning signals such as Hox clusters [60,64,68]. The
hindbrain and spinal cord motor neuron-specific expression of Isletl could be achieved by E1
in the lamprey as part of the patterning program. However, the E2 enhancer, which is restricted
to limb-innervating motor neurons, appeared when animals such as fugu and tetrapods devel-
oped limbs. E2 evolved to cooperate with OC factors and drive Isl1 expression in LMC neu-
rons. Thus, our observations demonstrate that evolutionary conserved enhancers drive motor
column-specific gene expression during motor neuron development.

Materials and Methods
DNA constructs

IslI enhancers were amplified by PCR with primers using genomic DNA from mouse, chick,
zebrafish, fugu and lamprey (S1 Table). PCR fragments were subcloned into the following
reporter vectors: pCS2 mini CMV-GFP, pCS2 mini CMV-luciferase and tk-luciferase reporter
vector [69]. pCS2 mini CMV-GFP/luciferase contains a 60 bp TATA box and the transcription
initiation site of the cytomegalovirus (CMV) promoter (GenBank accession no. X03922: nt
1090-1149). The mini CMV promoter and eGFP sequences were obtained by PCR amplifica-
tion from pEGFP-N1 (Clontech). Mutations were introduced in E1 or Chx10 by PCR-based
mutagenesis. Zebrafish and Fugu E2 DNAs were amplified from Dario rerio and Fugu rubripes,
respectively.

Chick electroporation

In ovo electroporation was performed as described previously [35]. In brief, about 1 pug/pl of
DNA solution was electroporated into the chick spinal cord at Hamburger and Hamilton (HH)
stages 12 and harvested at HH stages 23 to 29. In the case of OC-1, HH stage 14 embryos were
used. For the hindbrain electroporation, DNA solution was injected into HH stage 8 to 10
embryonic neural tube anteriorward from the level of approximately the third somite as previ-
ously described [70]. Electroporation was performed with a condition of 5 times of pulses, 20-
24 volts, 50 msec, 1 sec intervals.

Immunohistochemistry and in situ hybridization

Immunohistochemistry was performed as described previously [35]. Following antibodies
were used: mouse anti-Isl1 (DSHB), mouse anti-Isl2 (DSHB), rabbit anti-Isl1/2 [22], mouse
anti-MNR2 (DSHB), rabbit anti-GFP (Invitrogen), rabbit anti-Foxpl (Abcam), rabbit anti-
Sox1 (Cell signaling), guinea pig anti-Lhx3 [71], guinea pig anti-Chx10 [71], guinea pig anti-
Olig2 [36] and mouse anti-Neurofilament (DSHB). For wholemount immunostaining, Day 4.5
chick embryos electroporated at Day 2 were fixed and incubated with primary antibodies for 3
days and secondary antibodies for 1 day. For in situ hybridization, transverse sections were
hybridized with digoxigenin-labeled probes specific for mouse Phox2a (full CDS), mouse OC-1
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(partial CDS, 469-1263 bp). All images were captured with epifluorescent microscope or con-
focal microscope (Zeiss).

Cell quantification

Cells in each quadrant of the ventral horn were counted on z-series of slice images using a con-
focal microscope and ZEN2009 imaging software (Zeiss). At least 3 embryos were quantified
from each group, and 3-4 images were collected from each spinal cords. %GFP/column was
calculated as the percentage of the number of GFP-expressing cells among the motor neurons
in each column. To quantify GFP intensity induced by exogenous transcription factors in the
chick spinal cords after electroporation, 12 pm-thick transverse sections were immunolabeled
with GFP. The background-subtracted pixel intensities of GFP in 120 x 240 um” areas in the
dorsal spinal cord were measured using Image]. At least 10 sections from 4 embryos were ana-
lyzed for each group. Statistical significance was analyzed by unpaired Student’s t-test and the
Kruskal-Wallis test for multiple comparisons.

Transgenic analysis

E1::GFP transgenic mice were generated in CL56BL6 background as described previously [72].
MutE1-4::GFP transgenes were prepared and linearized with the Sall/EcoRI for microinjection
as described [73]. Transient transgenic embryos were generated by pronuclear injection into fer-
tilized eggs. Animal experiments were performed under the guidelines of the Korea Ministry of
Food and Drug Safety (Act No. 9025) with approval of procedures by the Institutional Animal
Care and Use Committee of Gwangju Institute of Science and Technology (GIST-2010-12).

Luciferase assays

293T cells were transiently transfected with reporters and transcription factors using Lipofecta-
mine 2000 reagent (Invitrogen). CMV-B-galactosidase plasmid was co-transfected to normalize
transfection efficiency. After 2 days, cell extracts were assayed for luciferase assays and B-galac-
tosidase assays. Data represent as means of triplicate values, repeated at least three times.

Bioinformatic analysis

Enhancer sequences from human, mouse, chicken, zebrafish, and fugu were retrieved from
UCSC genome browser. Comparative analyses of the E1 and E2 sequences were done with
mVISTA (genome.lbl.gov/vista) using the LAGAN alignment tool [74,75]. All E1 and E2
sequences from five species were searched against the lamprey genome using BLAST with
“somewhat similar sequences (blastn)” options and an E-value cut-off of 0.05. Potential tran-
scription factor binding sites in these conserved sequences were predicted using rVISTA [76].
A phylogenetic tree was constructed with MEGA version 6 maximum likelihood method with
1,000 bootstrap replications [77].

Electrophoretic mobility shift assays

The sequences of sense and antisense oligonucleotide used in our EMSA were as follows:
E1-S5'- CCAATATAAAATGCAAATTAGGTTATTAAGTGGAGTGGCAGAC-3
E1-AS 5-GTCTGCCACTCCACTTAATAACCTAATTTGCATTTTATATTGG-3
mutE1-4-S 5'-CCAATATAAAATGCAACGCGGGTTCGCGAGTGGAGTGGCAGAC-3'
mutE1-4- AS’-GTCTGCCACTCCACTCGCGAACCCGCGTTGCATTTTATATTGG-3'
Biotin-labeled probe was incubated with nuclear extract of HEK 293T cells transfected with
mouse Phox2a in binding buffer (10 mM Tris, pH 7.5, 50 mM KCI, 5 mM MgCl,, 1 mM
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dithiothreitol, 0.05% Nonidet P-40, and 2.5% glycerol) with poly(dI-dC) at RT. Competition
reactions were performed by adding a 200-fold excess of unlabeled double-stranded probe. The
reactions were resolved on non-denaturing 6% polyacrylamide gels and visualized by chemilu-
minescence (Thermo Scientific).

Chromatin immunoprecipitation

Embryonic mouse hindbrains were micro-dissected at E13.5. Cells were lysed after cross-link-
ing with 1% formaldehyde. Chromatin with a DNA fragment length of less than 500 bp was
obtained by sonication and immunoprecipitated with rabbit anti-Phox2b [78], rabbit anti-His-
tone H3 (Millipore) and rabbit IgG (Vector Labs). The Phox2 binding motif in E1 was ampli-
fied by PCR in each sample. For ChIP-Seq analysis, previous results were retrieved and
examined around the Isl1 locus [31].

Supporting Information

S1 Fig. Activity of the E1 enhancer fused with miniCMV or the minimal promoter of Isl1
(Isl1 mini P). (A-E) The miniCMYV or IslI mini P reporter alone does not promote GFP
expression. Motor neuron-specific GFP expression occurs only when it is fused with the E1
enhancer. GFP activity of reporter with inverted E1 sequence is also motor neuron-specific
(C). Scale bar: 50 um

(TIF)

S2 Fig. A search for transcription factors that activate the E1 enhancer. (A) Various candi-
date factors were transfected with the E1 luciferase reporter in 293T cells and luciferase activity
was measured. Only Phox2a and Lhx3 induced reporter activity. (B) Among E1 and E2,
Phox2a and Isl1-Lhx3 activate E1, and OC-1 activates E2. Error bar represents SEM using
three replicates. *p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s t-test (n = 3).

(TIF)

S3 Fig. ChIP-Seq peaks around IslI gene locus in NIP cells and NIL cells. Phox2a ChIP-Seq
peaks (in NIP cells) and Isl1 and Lhx3 ChIP-Seq peaks (in NIL cells) around Is/I locus. Base-
wise conservation scores (phyloP) of vertebrate genomes (Human, Chicken, Zebrafish, Fugu)
with mouse was shown.

(TIF)

S4 Fig. Phox2 factors induce E1::GFP expression in the dorsal neural tube. (A-O) Phox2a
induces the E1:GFP reporter in the dorsal spinal cord of HH24 chick embryos when intro-
duced by electroporation, in which ectopic Isl1-expressing cells appeared (brackets, F, G, K, L).
The adjacent sections show that the bm/vm neuron marker Tbx20 (bracket, H, M) was induced
in the ectopic Isl1* cells whereas the dI3 marker Brn3a and the sm neuron marker MNR2 (L, J,
N, O), were not. ElmutE1-4 failed to induce GFP activity in the cells in which Isl1 was induced
(bracket, K). ((P-X) Comparison of E1::GFP reporter derivatives using in ovo chick electropo-
ration. CMV::RFP was co-electroporated as an internal control. The 320-479 E1 reporter was
not active in the spinal cord (Q) but was active in the hindbrain (X). (Y) GFP pixel intensity in
spinal cord motor neurons (SC MN). Error bar represents SEM using three replicates.

***p < 0.001; unpaired Student’s t-test (> 10 sections in 4 embryos in each group). Scale bars:
in O, 50 um for A-O; in X, 50 um for P-X.

(TIF)

S5 Fig. Summary of point mutations introduced in E1, and identification of Olig2 and
Chx10 binding sites in E1. (A) Major binding motifs are highlighted and point mutations in
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the E1 sequence are underlined. The primer sequences used to generate the mutants are
described in S1 Table. (B-F) Induction of E1 GFP reporter activity by Isll and Lhx3 is repressed
in the presence of Chx10 but not by Olig2 and Sox1. (G-J) Lhx3-drived induction of E1 GFP is
suppressed by Sox1 and ANSox1 but not by C-Sox1. (K-M) GFP expression from the mutE1-5
reporter is specific for motor neurons and is induced by Lhx3 or Isl1-Lhx3 in chick neural
tubes when introduced by electroporation. This expression cannot be repressed by Olig2 when
E1-5 is mutated. (N-S) Expression of GFP in mutE1-6 and mutE1-7 is induced by Lhx3 or
Isl1-Lhx3, is inhibited by Chx10. (T-Y) Induction of 6xE1-3 by Lhx3 or Isl1-Lhx3 is blocked by
Chx10 but not by the DNA-binding defective point mutant Chx10 N51A. Scale bar: 50 um
(TTF)

S6 Fig. The E1::GFP and mutE1-4::GFP activity in chicken embryos after electroporation.
(A, B) Wholemount view of E4 chick embryos electroporated with the E1::GFP, mutE1-4::GFP
and CMV:RFP at E2 as indicated. Both hindbrain and spinal cord were electroporated sequen-
tially in the same embryo. Note that the mutE1-4::GFP lost its activity only in the hindbrain.
(C-H’) Transverse sections of electroporated hindbrains. E1::GFP is found in both dorsally pro-
jecting-branchiomotor (filled arrowhead, C) and ventrally projecting-somatic motor axons
(empty arrowhead, E). MutE1-4::GFP is only found in somatic motor axons (empty arrowhead,
F). Both E1 and mutE1-4 reporters overlap with somatic motor neuronal marker MNR2
(empty arrowheads, G, H’) (G-H’). (I, J) Transverse sections of chick hindbrains electropo-
rated with E1::GFP and mutE1-3::GFP. MutE1-3 reporter maintained GFP expression in bm/
vm neurons (filled arrowhead, J). Scale bars: in B, 1 mm for A, B; in D, 50 um for C, D; in J,

100 um for E-J

(TTF)

S7 Fig. Knockdown of Phox2 and OC activity using siRNA in the chick neural tube. (A) In
ovo RNAi using siRNA against chick Phox2b reduces the level of endogenous Phox2b tran-
scripts at the site of electroporation (arrowhead). (B) HA-tagged chick OC-1 and siRNA
against scrambled (scrOC-1) or OC-1 (siOC-1) were transfected into 293T cells. Western blot
analysis of cell lysates showed that HA expression was downregulated in the presence of siOC-
1. (C, D) Knockdown efficiency of siOC-1 and siOC-2 was assessed by chick electroporation.
siOC-1 reduces the level of OC-1 protein (C) and siOC-2 diminishes OC-2 transcripts (D) in
the electroporated side (right). (E-L) E2::GFP reporter activity was downregulated when the
acquisition of LMC identity was inhibited by mHoxc9 (I), as shown by reduced expression of
Foxpl and Raldh2 on the electroporated sides (J, L). Scale bars: in A, 100 pm; in D, 100 pum for
C,D;inL, 100 pm for E-L.

(TTF)

S8 Fig. Induction of the E1 reporter by Lhx3 is mediated by the LIM domain. (A-D) The
E1::GFP reporter was not activated in chick embryos receiving AL-Lhx3, and Lhx3 with Lim-
only protein 4 (LMO4) or the dimerization domain of NLI (DD) [1]. LMO4 and DD were
expected to compete with Lhx3 in a LIM domain-specific manner. (E) GFP pixel intensity in
dorsal spinal cord in each group. Error bar represents SEM using three replicates. **p < 0.01,
***p < 0.001; unpaired Student’s t-test (> 10 sections in 4 embryos in each group). (F) The E1
luciferase reporter is also induced by Lhx3 but not by AL-Lhx3 or Lhx3+DD. Error bar repre-
sents SEM using three replicates. **p < 0.01; unpaired Student’s t-test (n = 3). Scale bar:

100 pm.

(TIF)

S9 Fig. ChIP-Seq peaks for Phox2, Isll and Lhx3 binding around E2. Phox2a ChIP-Seq
peaks (in NIP cells) and Isl1 and Lhx3 ChIP-Seq peaks (in NIL cells) around Crest2 (E2) locus.
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Basewise conservation scores (phyloP) of vertebrate genomes (Human, Chicken, Zebrafish,
Fugu, Lamprey) with mouse was shown. Note that Lamprey genome does not have E2 (red
shaded box).

(TTF)

S1 Table. Primers used to amplify E1 and E2 derivatives.
(XLSX)

S1 Movie. 3D reconstruction of z-stack images of wholemount chick embryos electropo-
rated with the E1::GFP reporter. Embryos were immunostained for GFP (green) and neurofi-
lament (red). Images were collected in 12 z steps (approximately 15 pum interval) using a
confocal microscope (Zeiss), and the 3D images were reconstructed by the Carl Zeiss Zen 2009
imaging software.

(MP4)

S2 Movie. 3D reconstruction of z-stack images of wholemount chick embryos electropo-
rated with the E2::GFP reporter. Embryos were immunostained for GFP (green) and neurofi-
lament (red). Conditions for imaging and 3D reconstruction are described in S1 Movie.

(MP4)

$1 Text. Supplemental Methods and Supplemental References.
(DOCX)
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