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ABSTRACT

In the developing chick embryo, a certain population of motor neurons
(MNs) in the non-limb-innervating cervical spinal cord undergoes
apoptosis between embryonic days 4 and 5. However, the
characteristics of these apoptotic MNs remain undefined. Here, by
examining the spatiotemporal profiles of apoptosis and MN subtype
marker expression in normal or apoptosis-inhibited chick embryos,
we found that this apoptotic population is distinguishable by Foxp1
expression. When apoptosis was inhibited, the Foxp1* MNs survived
and showed characteristics of lateral motor column (LMC) neurons,
which are of a limb-innervating subtype, suggesting that cervical
Foxp1* MNs are the rostral continuation of the LMC. Knockdown and
misexpression of Foxp1 did not affect apoptosis progression, but
revealed the role of Foxp1 in conferring LMC identity on the cervical
MNs. Furthermore, ectopic expression of Hox genes that are normally
expressed in the brachial region prevented apoptosis, and directed
Foxp1® MNs to LMC neurons at the cervical level. These results
indicate that apoptosis in the cervical spinal cord plays a role in
sculpting Foxp1* MNs committed to LMC neurons, depending on the
Hox expression pattern.
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INTRODUCTION

Motor neurons (MNs) in the spinal cord project their axons to the
skeletal muscles and sympathetic ganglia, and are responsible for
the central control of body movement and visceral activity in
vertebrates. Based on the patterns of axonal trajectories and
peripheral targets, spinal MNs can be divided into four major
subpopulations that form distinct longitudinal columns within the
spinal cord (Dasen and Jessell, 2009; Tsuchida et al., 1994). In
brief, MNs that innervate the axial muscles form the medial motor
column (MMC), MNs that innervate the body wall muscles form the
hypaxial motor column (HMC), MNs that innervate the limb
muscles form the lateral motor column (LMC), and visceral MNs
that innervate the sympathetic trunk form the preganglionic motor
column (PGC, referred to as the column of Terni in chick). The
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LMC is further divided into two subdivisions: the medial half
(LMCm) contains MNs projecting into the ventral limb bud, and the
lateral half (LMCI) contains MNs projecting into the dorsal limb
bud. Regardless of these subtype diversifications, all spinal MN's are
derived from a common progenitor domain, termed pMN, which is
defined by the expression of Olig2 in the ventral spinal cord
(Mizuguchi et al., 2001; Novitch et al., 2001). Therefore, precise
control of the MN subtype specification from the progenitor is of
crucial importance for vertebrates to achieve sophisticated behavior.
A number of recent studies have provided significant progress in
elucidating the molecular mechanisms underpinning spinal MN
diversification (Francius and Clotman, 2014; Jessell, 2000; Stifani,
2014). In early stages of neural development, the rostrocaudal
identities of neural tube cells are defined by graded fibroblast
growth factor (FGF) and retinoid signals derived from Hensen’s
node and paraxial mesoderm, resulting in the patterned expression
of Hox proteins along the rostrocaudal axis (Bel-Vialar et al., 2002;
Ensini et al., 1998; Lance-Jones et al., 2001; Liu et al., 2001;
Omelchenko and Lance-Jones, 2003). Subsequently, Hox proteins
direct segment-specific motor column formations, i.e. the LMCs are
formed at limb levels, and the HMC and PGC are formed at the
thoracic level (Dasen et al., 2003; Jung et al., 2010, 2014; Misra
et al., 2009; Shah et al., 2004; Wu et al., 2008). In contrast, the
MMC is generated along the entire spinal cord in a Hox-
independent manner; thus, whether to differentiate into MMC
neurons or segment-specific MNs should be determined at a certain
segment. Such intrasegmental specification of the MN subtype is
achieved through a ventral-to-dorsal gradient of Wnt4/5 expression
that maintains MMC determinant Lhx3/4 expression (Agalliu et al.,
2009), as well as through cross repression between Lhx3/4 and
Foxpl, which is a determinant of LMC or PGC fate (Dasen et al.,
2008; Rousso et al., 2008).

In the non-limb-innervating cervical spinal cord, phrenic MNs
are generated alongside MMC neurons in mammals; however, only
MMC neurons are present in chick (Lumsden, 1995; Philippidou
etal., 2012; Stifani, 2014). This single columnar organization of the
chick cervical spinal cord is suggestive of a simple differentiation of
progenitor cells solely into MMC neurons. However, contrary to
this prediction, another distinct population of MNs, which display
the aspect of cell death, has been recognized in the cervical spinal
cord (Levi-Montalcini, 1950; O’Connor and Wyttenbach, 1974,
Yaginuma et al., 1996). Occurrence of this cell death is restricted to
the cervical region, and between embryonic days (E) 4 and 5 (Levi-
Montalcini, 1950; Yaginuma et al., 1996). It was initially postulated
that these degenerating MNs within the cervical spinal cord were
abortive sympathetic preganglionic neurons (Levi-Montalcini,
1950). Although transplantations of the cervical spinal cord to the
thoracic level were performed to test this hypothesis, the identity of
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the degenerating MNs was not determined (Shieh, 1951). Several
previous studies, including our own, have -clarified several
characteristics of this neuronal death within the cervical spinal
cord. The degenerating MNs show the morphological features of
apoptosis, as well as activation of caspase proteins, indicating that
these MNs die by apoptosis (O’Connor and Wyttenbach, 1974; Sato
et al., 2006; Yaginuma et al., 1996, 2001). Apoptosis of cervical
MN:ss is suppressed by transfection of the anti-apoptotic gene Bcl-2
(Sato et al., 2002b). Treatments of an array of neurotrophic agents
do not alter the apoptosis of MNs in the cervical spinal cord,
suggesting that this apoptosis occurs in a cell-autonomous manner
(Yaginuma et al., 1996). In spite of these characteristics of
apoptosis, whether this degenerating population can be classified
as one of the known columnar subtypes or as a novel subtype, and
why the apoptosis occurs only in the cervical spinal cord, remain
unclear.

In the present study, we demonstrated that apoptotic MNs of the
cervical spinal cord can be distinguished by Foxpl expression.
Characterization of MNs expressing Foxp1 after apoptosis inhibition
revealed that they exhibit LMC characteristics. Functional analyses of
Foxp1 indicated a role for Foxp1 in specifying LMC fate, but not in
apoptosis induction in the cervical spinal cord. Moreover, we found
that the apoptotic fate of Foxpl®™ MNs is affected by Hox
misexpression. Our results suggest that Foxpl™ MNs in the cervical
spinal cord are homologous to LMC neurons, and are eliminated by
apoptosis depending on the Hox expression pattern. We consider
these transient Foxp1™ MNs in the cervical spinal cord to be a trail of
caudal shift of limb-innervating MNs, which coincides with neck
elaboration during vertebrate evolution.

RESULTS
Spatiotemporal profiles of MN marker expression and
apoptosis in the developing cervical spinal cord
To determine whether apoptosis of the cervical spinal cord occurs in
a specific MN subtype, we first examined the expression of the
known MN markers (Isl1/2, Foxp1, Lhx3, Phox2b) simultaneously
with activated caspase 3 (Casp3) at Hamburger-Hamilton stage
(HH) 24, when the largest number of apoptotic cells is observed.
Is11/2 was used as a marker of all spinal MNs. Foxp! is a marker for
LMC neurons at the brachial and lumbar levels, and for PGC
neurons at the thoracic level (Dasen et al., 2008; Rousso et al.,
2008). However, its expression has not been reported previously at
the cervical level. We found that the expression of Foxpl
overlapped with most of the apoptotic region (Fig. 1A). In
contrast, the MMC neuron marker Lhx3 did not overlap with
apoptosis (Fig. 1B). Phox2b is a marker for spinal accessory MNs
(SACMNSs)/dorsal MNs (dMNs), which are derived from the
ventral-most progenitor domain, termed p3, in the neural tube, and
innervate the cucullaris muscle in chick (Jarrar et al., 2015;
Kobayashi et al., 2013). The expression of Phox2b also did not
overlap with the apoptotic region (Fig. 1C). We further performed
immunohistochemistry in combination with a terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay to determine whether each MN marker colocalizes
with the TUNEL signal at the single-cell level. Colocalization of
Foxp1 with TUNEL was observed in all examined apoptotic nuclei
(Fig. S1, Table S1). By contrast, nuclei exhibiting colocalization of
Lhx3 and TUNEL were scarcely detected (Fig. S1, Table S1),
indicating that apoptosis does not occur in Lhx3" MMC neurons.
To confirm the relationship between Foxpl and apoptosis,
temporal patterns of MN marker expression and apoptosis were
examined from HH18 to HH27 in the cervical spinal cord. At
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HH18, most MNs expressed Lhx3, but not Foxpl (Fig. 1D,J).
Several Lhx3™ MNs were considered to be SACMNs/dMNs
(Fig. 1]). Foxpl®™ MNs were first detectable at HH21, and
increased until HH24, whereas Casp3 was first detected in only a
few cells at HH23 (Fig. 1E-G,K-M). The number of Foxpl™ and
Casp3™ cells peaked at HH24/25, but started to reduce from HH25
onward (Fig. 1G-LM-O). At HH27, when the topographic
organization of the motor columns becomes apparent, the
expression of both Foxpl and Casp3 was extinguished; thus, only
MMC neurons (Lhx3*/1s11/2") and SACMNs/dMNs (Lhx37/Isl1/
2") were eventually present at this axial level (Fig. 11,0). At every
stage examined, the expression of Foxpl was absent from the Lhx3™"
MMC neurons, which was consistent with the brachial, thoracic and
lumbar levels in chick and mouse spinal cords (Dasen et al., 2008;
Morikawa et al., 2009; Rousso et al., 2008). These observations
revealed for the first time the presence of the transient population of
Foxpl™ MNs, which spatiotemporally overlaps with apoptosis of
the cervical spinal cord, implying that Foxp1™ MNs in the cervical
spinal cord undergo apoptosis.

Apoptosis inhibition results in the persistence of Foxp1* MNs
If the Foxpl™ MNs undergo apoptosis, inhibition of apoptosis
should lead to the persistence of Foxpl™ MNs even after HH26,
when the Foxpl™ MNs almost disappear in normal development
(Fig. 1). To test this possibility, we examined the expression of
Foxpl in the Bcl-2-electroporated embryos, as apoptosis of the
cervical spinal cord is prevented by Bcl-2 overexpression (Sato
et al., 2002b). Bcl-2 expression did not affect the development of
Foxpl™ or total MNs before the onset of apoptosis (Fig. 2A-D). At
HH26, in contrast to the non-electroporated side or GFP-
electroporated embryos, in which only a few Foxpl™ MNs were
detected, a substantial number of Foxp1* MNs were observed on the
Bcl-2-electroporated side (Fig. 2E-H). In our observation of the
cervical spinal cord in normal development, much weaker Foxpl
expression was also observed in Phox2b* SACMNs/dMNs, which
did not undergo apoptosis. To clearly distinguish the SACMNs/
dMNs from the apoptotic MNs, Phox2b was detected
simultaneously with Foxpl and Isl1/2, and then Foxpl*/Phox2b™
MNs were quantified (Fig. 2I-M). On the Bcl-2-electroporated side
at HH26, a significantly larger number of Foxpl*/Phox2b™ MNs
were observed (18 MNs per 10-um section on average), compared
with the non-electroporated side or GF'P electroporation (Fig. 2I-M).
Bcl-2 electroporation also increased the total number of MNs to
127% relative to the non-electroporated side (Fig. 2N). These results
clearly show that apoptotic MNs in the cervical spinal cord are
Foxpl® MNs.

Foxp1* MNs that survived after apoptosis inhibition show the
characteristics of LMC neurons

We next examined the characteristics of Foxpl* MNs in the cervical
spinal cord after apoptosis inhibition. It is possible that the LMC or
PGC identity is assigned to Foxpl* MNs at the cervical level, as
Foxpl is normally expressed in LMC and PGC neurons. To assess
this possibility, the expression of the pan-LMC marker Raldh2
(Aldhla2), the LMCl marker Lhxl, and the PGC marker
phosphorylated-Smad1/5/8 (pSmad) was examined in the Foxpl™
MNss after Bcl-2 electroporation. The persistent Foxpl™ MNs after
apoptosis inhibition displayed Raldh2 and Lhx1 expression, but not
pSmad expression, demonstrating that Foxp1™ MNs in the cervical
spinal cord exhibit molecular characteristics identical to those of
LMC neurons (Fig. 3A-I). Consistent with this, Foxpl* MNs at the
cervical level occupied the lateral portion of the ventral horn after
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Fig. 1. Spatiotemporal overlap of Foxp1 expression with apoptosis. (A-C) Expression of MN markers and Casp3 was examined by immunohistochemistry
in the cervical spinal cord of chick embryos at HH24, indicating that the expression of Foxp1, but not Lhx3 and Phox2b, spatially overlaps with Casp3.

(D-O) Immunohistochemistry for Foxp1, Casp3, Isl1/2 (D-l), and for Foxp1, Lhx3, Isl1/2 (J-O) were performed in the cervical spinal cord from HH18 to HH27.
The expression of Foxp1 was first detected at HH21 (E,K), increased gradually, and peaked at HH24 (G,M). Correspondingly, the most intense staining of
Casp3 was observed at HH24 (G). At HH27, almost all MNs expressed Lhx3, and neither Casp3 nor Foxp1 were detected (1,0). Scale bars: 50 pm (in C for A-C;

in O for D-O).

apoptosis inhibition similarly to LMC neurons (Fig. 2K,L, Fig. 3A,
D,G), clearly contrasting with PGC neurons, which migrate
dorsomedially in chick (Fig. S2; Levi-Montalcini, 1950). For
further elucidation of the characteristics of Foxpl™ MNs in the
cervical spinal cord, we next examined the axonal trajectory in the
cervical region by immunohistochemistry for Raldh2, as this protein
is expressed in Foxpl®™ MNs and is detectable in the somata,
dendrites and axons (Berggren et al., 1999). Raldh2" axons on the
Bcl-2-electroporated side projected ventrolaterally beyond the
myotome, which is marked by myosin heavy chain (MyHC)
expression; however, Raldh2™ axons were not observed in the dorsal
ramus (Fig. 3J-P). To confirm this axonal trajectory, retrograde
tracing using biotinylated-dextran amine (BDA) was performed at
HH26/27 in the Bcl-2-electroporated embryo, after the dorsal roots
were cut in order to trace axons in the ventral root only. When BDA
was injected into the ventrolateral region of the neck, the Foxpl™*
MNs that survived in the cervical spinal cord were retrogradely
labeled (Fig. 3Q). A few Lhx3" MNs were also labeled. They are
supposed to be MNs innervating the longus colli muscles
(Luxenhofer et al., 2014), and probably have not yet branched
from the ventral ramus at this stage. On the other hand, when the
dorsal ramus was traced retrogradely, only Lhx3" MNs, but not
Foxpl™ MNs, were labeled by BDA (Fig. 3R). These results
demonstrate that Foxpl® MNs in the cervical region project
their axons along the ventral ramus to the ventrolateral region of
the neck. We also carried out whole-mount immunostaining for
neurofilament (NF) to examine the axonal trajectories in whole
embryos. However, aberrant axonal projections were not observed

in the Bcl-2-electroporated embryos, suggesting that the axons of
Foxpl* MNs follow the normal pattern of the cervical spinal nerve
(Fig. 3S,T). Although the extent to which this axonal trajectory is
related to that of LMC neurons is unclear, these results reject the
hypothesis that Foxp1* MNs that die by apoptosis at the cervical
level are classified as MMC or PGC neurons. Taken together,
Foxp1™ MN:ss at the cervical level are most closely related to LMC
neurons.

Foxp1 knockdown does not affect apoptosis in the cervical
spinal cord

Our results demonstrate that Foxp1™ MNs in the cervical region not
only undergo apoptosis, but also exhibit LMC characteristics such
as cell body position and marker expression, raising the question of
whether Foxpl functions as an inducer of apoptosis, a determinant
of LMC fate, or both. To explore the function of Foxpl at the
cervical level, we first carried out Lhx3 misexpression, which has
been reported to suppress Foxpl expression (Dasen et al., 2008;
Rousso et al., 2008). After Lhx3 misexpression, the apoptotic cells
were decreased at HH25; however, the Foxpl™ MNs themselves
were also decreased before the onset of apoptosis (Fig. S3). This
made it difficult to determine whether the decrease of apoptosis is
attributed to insufficient expression of Foxp1, suggesting that Lhx3
misexpression is inadequate for direct functional analysis of Foxpl.
Next, for the specific downregulation of Foxpl, we prepared a
Foxpl shRNA (Foxpl-sh) expression vector (Materials and
Methods). At first, the extent of Foxpl knockdown by the
induction of Foxpl-sh was evaluated at HH23, when apoptosis
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Fig. 2. Apoptosis inhibition by Bcl-2 leads to the persistence of Foxp1* MNs. (A-H) Immunohistochemistry for GFP, Foxp1 and Is|1/2 was performed at
HH23 (A-D) or HH26 (E-H) after GFP or Bcl-2 electroporation. Bcl-2 overexpression did not affect the development of MNs at HH23. At HH26, a substantial
number of Foxp1* MNs were present on the Bcl-2-electroporated side, but not in the GFP-electroporated embryo. (I-L) The expression of Phox2b, which is a
marker for SACMNs/dMNs, was examined simultaneously with Foxp1 and Isl1/2 at HH26 after GFP or Bcl-2 electroporation. (M) Quantification of Foxp1*/
Phox2b~/Isl1/2* MNs at HH26 after electroporation. Average numbers of MNs per 10-um section on the non-electroporated (Cont) or electroporated (EP) side
are shown. (N) Quantification of Phox2b~/Is|1/2* MNs at HH26 after GFP or Bcl-2 electroporation. Relative differences of the electroporated side to the
non-electroporated side are presented. Sample sizes (n) are presented as the number of sections examined/the number of embryos examined. n=17/5 (GFP),
16/4 (Bcl-2). Values are meants.e.m. ***P<0.001 (two-tailed t-test). Scale bar: 100 pm.

had not yet commenced (Fig. S4). Whereas the organization of the
MNss was unaffected by the induction of control sShRNA (Cont-sh),
Foxpl®™ MNs were significantly decreased and, consequently,
Foxpl=/Lhx3~ MNs were increased by Foxpl-sh induction
(Fig. S4A-G). The total number of Isl1/2" MNs was also slightly
decreased, whereas Lhx3" MMC neurons were unaffected by
Foxp1-sh induction (Fig. S4G). The knockdown effect of Foxp1-sh
was also confirmed in the cultured cell line (Fig. S4H). These results
confirmed that Foxpl expression is specifically knocked down by
Foxp1-sh induction.

Using this shRNA, Foxp! knockdown was carried out. To examine
whether apoptosis progression was influenced by Foxp! knockdown,
the number of Lhx37/Phox2b~ MNs was quantified from HH23 to
HH27, as Foxpl* apoptotic MNs are exclusive of Lhx3"™ MMC
neurons and Phox2b® SACMNSs/dMNs, and thus correspond to
Lhx37/Phox2b~ MNs (Fig. 4A,B,D,E,G). At HH23, after Foxpl
knockdown, the number of Lhx37/Phox2b- MNs on the
electroporated side was lower than that on the non-electroporated
side (Fig. 4G). This means that, before the beginning of apoptosis,
prospective apoptotic MNs were reduced by Foxpl knockdown. The
decrease in the number of Lhx37/Phox2b~ MNs after Foxpl
knockdown is consistent with the phenotype of Foxp! knockout
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mice, in which a decrease in the number of MNs is detected in the
brachial spinal cord at E13.5 (Dasen et al., 2008). At later stages,
the number of Lhx37/Phox2b~ MNs gradually decreased as
development proceeded, and almost disappeared at HH27 both in
Foxpl-sh and Cont-sh induction groups (Fig. 4G). These results
demonstrate that apoptosis is executed even after Foxp! knockdown,
and are inconsistent with the idea that Foxp1 functions as an inducer of
apoptosis. We also performed the TUNEL assay at HH25 after Foxp!
knockdown. The number of TUNEL-positive nuclei was decreased by
approximately 30% compared with the non-electroporated side
(Fig. 4C,F,H); however, this amount of reduction in apoptosis can
be attributed to the decrease in the number of Lhx37/Phox2b™ MNss at
HH23 after Foxpl knockdown (Fig. 4G). This implies a substantial
progress of apoptosis.

Foxp1 does not induce apoptosis, but rather confers LMC
identity in the cervical spinal cord

For further evaluation of the role of Foxp1 in the cervical spinal cord,
we next induced misexpression of Foxpl utilizing a 5" upstream
sequence of the mouse Hb9 gene (MnxI), which is exclusively
expressed in postmitotic MNs (Arber et al., 1999; Thaler et al., 1999).
The plasmid vector containing the Hb9 upstream sequence and
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Fig. 3. Foxp1* MNs of the cervical spinal cord show the characteristics of LMC neurons. (A-l) Expression of MN subtype markers at HH27 in the cervical
spinal cord of the Bcl-2-electroporated embryo. Boxed area in A, D and G are enlarged in B,C, E,F and H,|, respectively. The LMC marker Raldh2 and the
LMCI marker Lhx1 were detected in Foxp1* MNs in the Bcl-2-electroporated embryo. The expression of pSmad, which is a marker of PGC neurons, was not
observed in the Foxp1* MNs at the cervical level after Bcl-2 electroporation. (J) Immunohistochemistry for Raldh2, tubulin beta 3 class Ill (Tubb3) and MyHC at
mid-cervical level in the Bcl-2-electroporated embryo. The electroporated half of the spinal cord is on the right side in this image. The expression of Raldh2
was increased in the Bcl-2-electroporated side of the spinal cord (arrowhead). Raldh2* axons projected along the ventral root, and extended beyond the myotome.
Boxed areas around the ventral ramus of the non-electroporated and electroporated side are enlarged in K-M and N-P, respectively. (Q,R) Retrograde tracing
by BDA in the Bcl-2-electroporated embryo at HH26/27. BDA was injected into the ventrolateral neck region (Q) or the dorsal ramus (R). Immunohistochemistry
for Foxp1 and Lhx3 was then performed. Foxp1* MNs were retrogradely labeled after BDA injection into the ventrolateral neck region (Foxp1* MNs/BDA*
MNs=63/140 in a total of 14 sections from 5 embryos). Only Lhx3* MNs were labeled by retrograde tracing of the dorsal ramus (Foxp1* MNs/BDA* MNs=0/181 in
a total of 16 sections from 5 embryos). (S, T) Whole-mount chick embryo was labeled with anti-NF antibody at HH27 after Bc/-2 electroporation. Dorsolateral
view from non-electroporated (Cont) or electroporated (EP) side of the same embryo from the cervical to brachial levels. Rostral to the top. Scale bars: 100 um

(in G for A,D,G); 200 ym (J); 50 pm (in R for Q,R).

Myc-tagged Foxpl coding sequence (Hb9:Foxpl-Myc) was
electroporated in the cervical spinal cord, and MN marker
expression and apoptosis were then examined from HH20 to HH27.
At HH20, when the expression of Foxp1 had not yet started in normal
development (Fig. 1), induced expression of Foxpl was detected on
the electoroporated side (Fig. SA). Despite this earlier expression of
Foxpl, the temporal profile of Casp3 remained unaltered (Fig. SA-F).
Furthermore, at HH27, when Foxpl®™ MNs have disappeared in
normal development, a large number of Foxpl™ MNs were present on
the electroporated side, but did not exhibit Casp3 activation (Fig. 5G,
H). We also performed the TUNEL assay and demonstrated that the
number of TUNEL-positive nuclei at HH24/25 was unaltered by
Foxp1 misexpression (Fig. 50-Q). These results indicate that Foxp!
neither induces apoptosis nor determines its timing.

To clarify the consequences of Foxpl misexpression at the
cervical level in more detail, we examined Foxp1 expression within
and outside the Lhx3"™ MMC neurons after Hb9:Foxpl-Myc
electroporation. Foxpl is not expressed in Lhx3" MMC neurons
in normal development (Fig. 1). In contrast, Foxp1 was ectopically
induced in Lhx3* MMC neurons after the electroporation, thus
generating Foxpl*/Lhx3" MNs (Fig. 5LJ,R). At HH26/27, the
number of Foxp1™/Lhx3~ MNs, the molecular identity of which is
normal apoptotic MNs, was reduced compared with HH24 both on
the non-electroporated and electroporated sides (Fig. 5I-L,R). On
the other hand, Foxpl*/Lhx3" MNs (Foxpl ectopically induced

MNs) were persistent on the electroporated side at a comparable
level to HH24 (Fig. 5K,L,R). These results again indicate that
Foxpl does not induce apoptosis. A minor increase in Foxpl™*/
Lhx3~ MNs on the electroporated side at HH26/27 can probably be
attributed to a loss of Lhx3 expression in MMC neurons following
Foxpl misexpression because of the cross-repressive relationship
between Foxpl and Lhx3 (Dasen et al., 2008; Morikawa et al.,
2009; Rousso et al., 2008). In fact, the number of Lhx3" MNs was
reduced by Foxpl misexpression (Fig. 5S).

These results show that Foxpl is not a trigger of apoptosis, and
consequently raise the possibility that Foxpl plays a role in
conferring LMC identity on cervical MNs. To verify this possibility,
the expression of LMC markers was examined after Foxpl
misexpression. At HH27, LMC markers Raldh2 and Lhx1 were
expressed in the MNs in which Foxpl was ectopically induced,
indicating that Foxp1 functions as a determinant of LMC fate also at
the cervical level (Fig. SM,N).

Hoxc6 misexpression alters the fate of Foxp1* MNs in the
cervical spinal cord

Despite the functional analysis of Foxp! in the cervical spinal cord,
the molecular mechanism of apoptosis regulation is still unclear.
Considering that apoptosis occurs only in the cervical region despite
broad Foxpl expression along the spinal cord (Fig. 6A,B), the
mechanism by which apoptosis is limited to the cervical region is
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Fig. 4. Apoptosis in the cervical spinal cord is normally executed even after shRNA-mediated Foxp7 knockdown. (A-F) Immunohistochemistry for
GFP, Foxp1, Isl1/2 (A,D), and Phox2b, Lhx3, Is|1/2 (B,E) and TUNEL assay (C,F) at HH25 after Cont-sh or Foxp1-sh induction. (G) Quantification of Phox2b~/
Lhx3~/Isl1/2* (equivalent to Foxp1*) MNs at HH23, HH25 and HH27 after electroporation. The number of Phox2b~/Lhx3~ MNs decreased gradually both in
the Cont-sh- and Foxp1-sh-induced embryos. Average numbers of MNs per 10-um section on the non-electroporated (Cont) or electroporated (EP) side are
shown. n=21/6 (Cont-sh at HH23), 18/5 (Cont-sh at HH25), 18/5 (Cont-sh at HH27), 25/7 (Foxp1-sh at HH23), 27/8 (Foxp1-sh at HH25), 16/5 (Foxp1-sh at HH27).
(H) Quantification of TUNEL-positive nuclei at HH25 after electroporation. Percentage changes in the number of TUNEL-positive nuclei on the electroporated
side compared with that on the non-electroporated side are presented. n=35/9 (Cont-sh), 30/10 (Foxp1-sh). Values are meants.e.m. *P<0.05; ***P<0.001

(two-tailed t-test). Scale bar: 50 ym (in F for A-F).

predicted to be independent of Foxpl activity. Hox proteins are
expressed in discrete rostrocaudal positions within the spinal cord, and
endow spinal MNs with positional identity (Dasen et al., 2003; Jung
et al., 2010, 2014; Misra et al., 2009; Shah et al., 2004; Wu et al.,
2008), so Hox proteins are the most likely candidates responsible for
the regional regulation of apoptosis. Thus, we next explored the
relevance of Hox proteins to apoptosis regulation. Hoxc6 expression is
congruent with the brachial LMC region (Dasen et al., 2003), and we
found that the cervical apoptotic region was bordered caudally by
Hoxc6 expression (Fig. 6C,D, Fig. S5), raising the possibility that
Hoxc6 plays a role in the suppression of apoptosis. To test this
hypothesis, we ectopically induced Hoxc6 to the cervical spinal cord
by electroporation. At HH24, after ectopic expression of Hoxc6, the
topographic distribution of Foxpl®™ MNs was almost normal.
However, the Foxpl expression level was slightly increased, and
apoptosis was reduced in the electroporated side (Fig. 6E-H,M). At
HH27, in contrast to the non-electroporated side, in which Foxpl*
MNs had already disappeared, Foxpl®™ MNs were present and
expressed LMC marker Raldh2 in the Hoxco6-electroporated side
(Fig. 6I-L,N). These results demonstrate that Hoxc6 prevented Foxp1™
MNs from undergoing apoptosis and directed them to LMC fate.

Hox paralog group 6-8 proteins act redundantly to prevent
apoptosis

To confirm that Hoxc6 prevents apoptosis of the Foxp1* MNs, Hoxc6
knockdown was performed using shRNA. A Hoxc6 shRNA
expression vector was constructed (Materials and Methods) and
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was electroporated in the boundary region of the cervical and brachial
spinal cord; the apoptotic region was then examined at HH25. If
Hoxc6 alone functions as a repressor of apoptosis, the apoptotic
region should be extended caudally by Hoxc6 knockdown. However,
the apoptotic region remained unaltered compared with the non-
electroporated side (Fig. S6). Considering that paralogous Hox genes
have redundant functions in several cases (Wellik, 2007), this result
suggests that other Hox proteins expressed in the brachial region can
compensate for the lack of Hoxc6. To examine the function of the
other Hox proteins regarding the prevention of apoptosis, seven Hox
genes expressed around the brachial region (Hoxa4, Hoxc4, Hoxas,
Hoxc5, Hoxa6, Hoxa7, Hoxc8) were induced in the cervical region by
electroporation, and the fate of the Foxpl® MNs was examined.
Although a few Foxp1™ MNs were observed after forced expression
of Hoxc4, Foxp1* MNss in the cervical spinal cord mostly disappeared
at HH27, as in normal development, after forced expression of Hox
paralog group 4 and 5 genes (Fig. 7A-H). In contrast, forced
expression of Hoxa6, Hoxa7 and Hoxc8 resulted in the persistence of
Foxp1* MNs similarly to the case of Hoxc6 (Fig. 71-N). These results
show that the Hox proteins in paralog group 6-8 act redundantly to
prevent apoptosis of the Foxpl™ MNs.

Ectopic expression of Hoxc6 in the cervical spinal cord does
not interfere with the expression of Hox paralog group 5
genes

Hoxc9, which is expressed in the thoracic spinal cord, can block
brachial LMC specification through the repression of Hox genes
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expressed in the brachial region, indicating that the caudal border of
the brachial LMC is shaped by Hox cross-repressive interaction
(Dasen et al., 2003; Jung et al., 2010). It is possible that a similar
mechanism participates in the regulation of the cervical apoptotic
region. Thus, we speculated that the prevention of apoptosis by the
ectopic expression of Hoxc6 is mediated through the repression of
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Hox genes expressed in the cervical Foxpl™ MNs. To examine this
hypothesis, the endogenous expression of Hox proteins in the
Foxpl® MNs at cervical level was examined after Hoxc6
electroporation. We confirmed that Hoxa5 and Hoxc5 were
expressed in almost all Foxpl™ MNs at the cervical level at HH24
in normal development (Fig. 8B,C). Contrary to expectations,
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Fig. 5. Misexpression of Foxp1 does not induce apoptosis, but rather
confers the LMC identity on MNs of the cervical spinal cord.

(A-H) Immunohistochemistry for Casp3, Foxp1 and Isl1/2 was performed at
HH20 (A,B), HH22 (C,D), HH25 (E,F) and HH27 (G,H) after electroporation of
Hb9:Foxp1-Myc. Foxp1 was detected throughout these stages on the
electroporated side, differing from the transient presence of Foxp1* MNs on the
non-electroporated side. Nevertheless, Casp3 was observed only around
HH25 both on the electroporated and non-electroporated sides.

(I-L) Immunohistochemistry for Myc, Foxp1, Isl1/2 (I,K), and Foxp1, Lhx3, Hb9
(J,L) were performed at HH24 and HH27. At HH24, ectopically induced Foxp1,
which was highly expressed especially in the Lhx3* MMC region, was detected
by anti-Myc or anti-Foxp1 antibodies. At HH27, although Foxp1* MNs had
already disappeared on the non-electroporated side, a large number of Myc™*/
Foxp1* MNs were observed on the Hb9:Foxp 1-Myc electroporated side. (M,N)
The LMC markers Raldh2 and Lhx1 were detected in MNs in which Foxp1 was
ectopically induced. (O,P) TUNEL assay at HH24 after Hb9:mCherry or Hb9:
Foxp1-Myc electroporation. (Q) Quantification of TUNEL-positive nuclei at
HH24/25 after electroporation. Percentage changes in the number of TUNEL-
positive nuclei on the electroporated side compared with that on the non-
electroporated side are shown. The number of TUNEL-positive nuclei was
unaltered by Hb9:mCherry and Hb9:Foxp1-Myc electroporation. n=19/5 (Hb9:
mCherry), 24/7 (Hb9:Foxp1-Myc). (R,S) Quantification of MNs in the cervical
spinal cord after Hb9:Foxp1-Myc electroporation. Average numbers of MNs
exhibiting the indicated expression pattern of markers per 10-ym section on the
non-electroporated (Cont) or electroporated (EP) side are shown. n=21/6
(HH24), 25/7 (HH26/27). Values are meants.e.m. *P<0.05, ***P<0.001 (two-
tailed t-test). Scale bars: 100 pm (in G for A-H; in P for I-P).

however, the expression of Hoxa5 and Hoxc5 in the Foxp 1™ MNs was
maintained at HH24 after Hoxc6 electroporation (Fig. 8A-C,G,H).
Furthermore, Hoxa5 and Hoxc5 were also expressed in the persistent
Foxpl* MNs at HH27 after the electroporation (Fig. 8D-F). These
results suggest that ectopic expression of Hoxc6 in the cervical spinal
cord prevents apoptosis of the Foxpl* MNs, but does not interfere
with the expression of other Hox genes.

DISCUSSION

Identity of MNs that undergo apoptosis in the cervical spinal
cord of chick embryos

Cell death confined to the cervical spinal cord of developing chick
embryos was first described by Levi-Montalcini in 1950 (Levi-
Montalcini, 1950). Based on the finding that rami communicantes
branching from the ventral roots of cervical spinal nerves toward the
sympathetic primordia were transiently observed between E3 and
E4, the author contended that degenerating MNs were homologous
to the sympathetic preganglionic neurons of the thoracic spinal cord.
To verify this contention, Shieh performed transplantation of the
neural tube from the cervical level to the thoracic level, but did not
determine the classification of the degenerating MNs (Shieh, 1951).
Since then, the identity of degenerating MNs in the cervical spinal
cord has barely been studied for more than 50 years. On the other
hand, we previously examined the axonal trajectory of degenerating
MN:ss by retrograde tracing, speculating that these degenerating MNs
belong to somatic but not visceral MN populations (Yaginuma et al.,
1996). In the present study, we corroborated this speculation and
concluded that degenerating MNs in the cervical spinal cord are
distinguishable by Foxpl expression, and are homologous to
LMC neurons. This conclusion is based on the following results:
(1) during normal development of chick embryos, Foxpl* MNs
existed transiently between HH21 and HH25, and the distribution of
the Foxpl* MNs overlapped with that of apoptosis in the cervical
spinal cord (Fig. 1); (2) when apoptosis was inhibited by Bcl-2,
Foxpl™ MNs persisted beyond the developmental stage at which
Foxpl™ MNs normally disappear (Fig. 2); (3) the LMC markers
Raldh2 and Lhx 1 were expressed in Foxp1* MNs that survived after
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apoptosis inhibition (Fig. 3); (4) axons of Foxpl*/Raldh2" MNs
passed through ventral roots and extended along the ventral ramus
after apoptosis inhibition (Fig. 3).

In contrast, apoptosis was not observed in Lhx3" MNs (Fig. 1,
Fig. S1, Table S1). Furthermore, Foxpl™ MNs that survived after
apoptosis inhibition occupied lateral, but not dorsomedial, positions
in the spinal cord, and neither expressed pSmad nor projected their
axons to the dorsal ramus or sympathetic trunk (Fig. 3, Fig. S2).
These results indicate that MNss that undergo apoptosis are distinct
from MMC or PGC neurons. As HMC neurons at the thoracic level
do not express Foxpl (Dasen et al., 2008; Rousso et al., 2008), it
is improbable that the Foxpl® apoptotic MNs in the cervical
spinal cord are the same subtype as HMC neurons. Furthermore,
mammalian-specific phrenic MNs also do not express Foxpl
(Philippidou et al., 2012), denying the homology between apoptotic
MNs in the cervical spinal cord of chick and phrenic MNs in
mammals.

Collectively, Foxp1™ apoptotic MNs of the cervical spinal cord
can be considered as the rostral continuation of the LMC. Thus,
morphogenesis of the spinal MNs in the cervical region is supposed
to proceed in two steps: LMCs are first generated from the rostral
cervical level to the caudal brachial level, and then LMCs within the
non-limb-innervating region are sculpted by apoptosis (Fig. S7).

The regulation of apoptosis and boundary formation in the
spinal cord mediated by Hox transcription factors

In the current study, it was demonstrated that misexpression of Hox
paralog group 6-8 genes resulted in the generation of Foxpl™ LMC
neurons in the cervical spinal cord. As MMC specification is Hox-
independent (Agalliu et al., 2009; Jung et al., 2014; Rousso et al.,
2008), MMC neurons are unlikely to be converted to Foxpl* MNs
after Hox6-8 misexpression. Rather, the fate of Foxpl™ apoptotic
MNs in the cervical spinal cord is likely to be converted to LMC
neurons by Hox6-8 misexpression. This result provides the first
evidence that Hox transcription factors contribute to the regional
control of cervical apoptosis along the rostrocaudal axis. On the
other hand, the apoptotic fate of the Foxpl* MNs was unaffected by
forced expression of Hox4-5 in the cervical spinal cord (Fig. 7).
This result suggests that Hox4-5 are permissive to apoptotic signals.
Alternatively, it is possible that some of Hox paralog group 4-5
proteins induce pro-apoptotic genes, and apoptosis is executed only
in MNs that do not express Hox6-8.

During normal chick embryo development, expression of Hox6
in the spinal MNs is confined to the brachial region, and Hox4-5 are
expressed from the cervical to the mid-brachial level (Dasen et al.,
2005; Philippidou and Dasen, 2013). Therefore, the expression of
Hox paralog group 4-6 genes overlaps with each other at the brachial
level, suggesting little or no cross-repressive interaction. The result
of rostral misexpression of Hoxc6 in the present study supports this
idea also at the cervical level, and suggests that Hoxc6 is capable of
disrupting the apoptotic pathway in the cervical region, leaving the
expression of other Hox genes unaltered (Fig. 8). In contrast, Hoxc9
represses multiple Hox genes expressed in the brachial region,
partitioning the brachial and thoracic region in the spinal cord
(Dasen et al., 2003; Jung et al., 2010). These findings and the results
of our study show that the rostral and caudal borders of the brachial
LMC are established by distinct mechanisms.

Why Foxp1* MNs are transiently formed in the neck

The present study demonstrated the developmental process of MNs
in the chick cervical spinal cord, but it is of particular interest why
Foxpl™ MNs are transiently generated in the cervical spinal cord
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Fig. 6. Ectopic expression of Hoxc6 results in prevention of apoptosis and specification of LMC neurons in the cervical spinal cord.

(A-D) Immunohistochemistry for Casp3, Foxp1, Isl1/2 (A,B) and Casp3, Hoxc6, Isl1/2 (C,D) in horizontal longitudinal sections at HH24. Arrows indicate the
approximate boundary between the cervical and brachial region of the spinal cord. Rostral to the top. Unlike Foxp1, Hoxc6 was not expressed in Casp3™
cervical MNs. (E-L) Expression of MN markers was examined at HH24 (E-H) and HH27 (I-L) after ectopic expression of Hoxc6. At HH24, topographic distribution
of Foxp1* MNs was not altered, but apoptosis was reduced by Hoxc6 misexpression. At HH27, Foxp1* MNs were observed in the Hoxc6-electroporated side, but
not in the non-electroporated side. Foxp1* MNs in the Hoxc6-electroporated side expressed the LMC marker Raldh2. (M,N) Quantification of TUNEL-positive
nuclei at HH25 (M) or Foxp1* MNs at HH27 (N) after electroporation. Average numbers of TUNEL-positive nuclei or Foxp1* MNs per 10-um sections on the
non-electroporated (Cont) or electroporated (EP) sides are shown. n=14/4 (M), 19/6 (N). Values are meants.e.m. ***P<0.001 (two-tailed t-test). Scale bars:

200 pm (in D for A-D); 100 pym (in L for E-L).

despite their eventual disappearance. As we discuss below, it is
supposed that the transient Foxp1* LMC-like neurons in the cervical
spinal cord is a trail of caudal shift of limb-innervating MNs in the
process of neck elaboration in vertebrate evolution. Early jawless
vertebrates, the Osteostraci, had pectoral fins that articulated directly
to a head shield, indicating that they had no neck (Janvier, 1996). A
fully functional neck appeared in late Devonian tetrapodomorph
fish, such as Tiktaalik roseae, because they had no bony connection
between the skull and the pectoral girdle (Daeschler et al., 2006;
Shubin et al., 2006). An elongated movable neck had evolved in
amniotes by shifting the shoulder girdle and forelimb caudally
(Burke et al., 1995; Ericsson et al., 2013; Nagashima et al., 2016).
Based on a comparative anatomical investigation, it has been
reported that, in fish, MNs innervating pectoral fins originate in the

region straddling hindbrain and spinal cord, unlike the spinal-only
origin of forelimb-innervating MNs in tetrapods (Ma et al., 2010).
This implies that forelimb-innervating MNs also shifted caudally
during vertebrate evolution (Ma et al., 2010). Our findings support,
and provide further insight into, this phylogenetic view. Namely, a
caudal shift of the forelimb-innervating MNs can be separated to
two events: caudal shift of the boundary between the brachial and
thoracic spinal cord, and acquisition of the apoptotic process in the
cervical spinal cord for sculpting the MNs in the limb-free area. The
requirement of the apoptotic process is probably due to some
developmental constraints producing the forelimb-innervating MNs
from the rostral-most level of the spinal cord. This could explain
why the rostral and caudal borders of the brachial LMC are
established by different mechanisms.
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Fig. 7. Forced expression of Hox paralog group 6-8, but not 4-5, leads to the persistence of Foxp1* MNs in the cervical spinal cord. (A-N) V5- or
Myc-tagged Hox genes were electroporated in the cervical region, and immunohistochemistry for V5, Foxp1, Isl1/2 (A,B,E-L) or Myc, Foxp1, Isl1/2 (C,D,M,N) was
performed at HH27. Foxp1* MNs disappeared as in normal development after electroporation of V5-Hoxa4 (A,B), V5-Hoxa5 (E,F) and V5-Hoxc5 (G,H). Only
afew Foxp1* MNs were observed after electroporation of Hoxc4-Myc (C,D). The electroporation of V5-Hoxa6 (1,J), V5-Hoxa7 (K,L) and Hoxc8-Myc (M,N) resulted

in the persistence of Foxp1* MNs. Scale bar: 100 um (in N for A-N).

Mesodermal tissues as well as the MNs in the neck have
unique properties

Limb muscles in amniotes as well as pectoral fin muscles in
zebrafish are derived from migratory muscle precursors (MMPs),
which de-epithelialize and actively migrate from ventrolateral lips of
dermomyotome, and are marked by the expression of Lbxl
(Brohmann et al., 2000; Dietrich et al., 1998; Gross et al., 2000;
Neyt et al.,, 2000). On the other hand, in the flank region, the
intercostal muscles are generated by dermomyotome elongation;
thus, Lbx1™ MMPs are not formed. Notably, Lbx1 is also expressed
in the dermomyotome of the cervical level, even though no limb or
abaxial muscles are formed in this region (Dietrich et al., 1998).
This rostrocaudal pattern of Lbxl expression in the somitic
mesoderm is analogous to that of Foxpl expression in the spinal
cord, and might be implicated in the caudal shift of the pectoral
girdle in vertebrate evolution (Bothe et al., 2007).

When exogenous FGF is induced in the flank of chick embryo, an
ectopic limb innervated by the spinal MNs of the flank level is
generated, but this is not the case in the neck (Cohn et al., 1995;
Lours and Dietrich, 2005; Turney et al., 2003). Thus, the neck is
distinct from the flanks with respect to the competence to form a
limb, though both the neck and flanks are limb-free areas. Lours and
Dietrich suggested that a limb-incompetent state of lateral plate
mesoderm and surface ectoderm in the neck is attributed to the
interruption of the FGF signaling at distinct points (Lours and
Dietrich, 2005). In addition to this, we propose that the non-limb-
innervating state of MNs in the neck is attributable to apoptosis.

MATERIALS AND METHODS

Experimental animals

Fertilized chicken eggs were obtained from Takeuchi farm (Nara, Japan) and
incubated at 38°C in a humidified incubator. Embryos were staged
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according to the Hamburger-Hamilton stage series (Hamburger and
Hamilton, 1951). All animal experiments were performed in accordance
with the Rules of Fukushima Medical University Animal Experiments, with
approval of the Animal Experiments Committee of Fukushima Medical
University.

Vector construction

The Bcl-2 expression vector was constructed using a pMES vector, which
contains chick B-actin promotor/CMYV enhancer, an internal ribosome entry
site, and EGFP sequences (Swartz et al., 2001). Custom oligonucleotides,
including recognition sequences of Clal, Pacl and Mlul, were annealed
and inserted into the EcoRI-Smal site of the pMES vector. Custom
oligonucleotides encoding a Myc epitope tag were inserted into the Mlul-
Smal site of the pMES vector. Full-length Bcl-2 was PCR-amplified from
chick embryo ¢cDNA, and was inserted into the EcoRI-Mlul site of the
PMES vector containing the Myc coding sequence. To construct shRNA
expression vectors, custom oligonucleotides consisting of sense and
antisense target sequences with an intervening loop sequence (Table S2)
were annealed and inserted into pEGFPH1, which contains the human H/
promoter for shRNA transcription and the CMV promoter for the expression
of EGFP (Matsumoto et al., 2008). For Foxpl shRNA, five sequences of
shRNA against chick Foxp! were designed (Table S3), and the knockdown
efficiency of each shRNA-expression vector was evaluated by
electroporation into the neural tube. One sequence that suppressed Foxpl
expression most effectively and did not cause any morphological damage to
the spinal cord was selected as Foxpl-sh. Another sequence exhibiting
neither knockdown effects nor morphological damage was selected as Cont-
sh. For Hoxc6 shRNA, the target sequence was based on the previous study,
in which the effective target sequence of chick Hoxc6 for RNAI has been
reported (Dasen et al., 2005). For the construction of expression vector
under the control of the Hb9 regulatory element (pHb9), full-length chick
Foxpl amplified by PCR and oligonucleotides encoding Myc epitope tag
were inserted into an Ascl-linearized pHb9 vector using the In-Fusion
HD Cloning Kit (Takara, Kyoto, Japan). Full-length mCherry was
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Fig. 8. Ectopic expression of Hoxc6 in the cervical spinal cord does not interfere with the expression of Hox paralog group 5 proteins. (A-F) Hoxc6 was
electroporated in the cervical region, and then immunohistochemistry for Hoxc6, Foxp1 (A,D), Hoxa5, Foxp1 (B,E), and Hoxc5, Foxp1 (C,F) was performed at
HH24 or HH27. Hoxa5 and Hoxc5 were expressed in the majority of Foxp1* MNs both on the non-electroporated and Hoxc6-electroporated sides at HH24.
Persistent Foxp1* MNs at HH27 after electroporation also expressed Hoxa5 and Hoxc5. (G,H) Quantification of Hoxa5* (G) or Hoxc5* (H) MNs at HH24 after
Hoxc6 electroporation. Percentages of Hoxa5" or Hoxc5* MNs in Foxp1* MNs on the non-electroporated (Cont) or electroporated (EP) side are shown. The
percentages of Hoxa5"* or Hoxc5* MNs were unaltered by Hoxc6 expression. n=10/3 (G), 10/4 (H). Values are meants.e.m. Two-tailed t-test. Scale bar: 100 pm

(in F for A-F).

PCR-amplified from pmCherry-C1 (Takara), and inserted into the pHb9
vector as well. For pCAGGS-Foxpl-Myc, the Foxpl-Myc fragment was
amplified from the pHb9-Foxp1-Myc vector and inserted into the EcoRI-
linearized pCAGGS vector using the In-Fusion HD Cloning Kit (Takara).
For construction of the Hoxc6 expression vector, full-length chick Hoxc6
was PCR-amplified from chick embryo cDNA, and inserted into the Clal-
MIul site of the pMES vector. For construction of the expression vector for
V5- or Myc-tagged Hox genes, full-length chick Hoxa4, Hoxc4, Hoxas,
Hoxc5, Hoxa6, Hoxa7 and Hoxc8 were PCR-amplified from chick embryo
cDNA, and inserted into the pMES vector together with custom
oligonucleotides encoding a V5 epitope tag, or into the pMES vector
containing the Myc coding sequence, using the In-Fusion HD Cloning Kit
(Takara). Construction of the Lhx3 expression vector is described in the
supplementary Materials and Methods. The sequences of all primers used
for PCR amplification are listed in Table S4.

In ovo electroporation

In ovo electroporation was performed as described previously (Sato et al.,
2006), with slight modifications. Details are described in the supplementary
Materials and Methods.

Retrograde tracing
Retrograde tracing was performed as described previously (Kobayashi et al.,
2013).

Immunohistochemistry and TUNEL assay

Embryos were fixed in 0.1 M phosphate buffer/4% paraformaldehyde at
4°C overnight. Fixed embryos were cryoprotected in 20% sucrose at 4°C
overnight, embedded in OCT compound, and cryosectioned. For
immunohistochemistry, sections were boiled for 20 min in antigen
retrieval solution (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and
cooled down to room temperature. After washing with PBS/0.1% Triton
X-100, the sections were incubated with primary antibodies at 4°C

overnight, and with secondary antibodies for 1-2 h at room temperature.
The antibodies are described in the supplementary Materials and Methods.
For the TUNEL assay, sections were treated with 2 pug/ml proteinase K
(Wako Pure Chemical Industries, Osaka, Japan) for 15 min, and the TUNEL
reaction was performed as previously reported (Sato et al., 2002b). Alexa
Fluor 488-, or 594-conjugated streptavidin (Thermo Fisher Scientific) was
used for detection of incorporated biotin-16-dUTP. Whole-mount
immunostaining was performed as described in the supplementary
Materials and Methods. Images were captured using an Olympus BX51
fluorescence microscope equipped with an Olympus DP71 digital camera,
or an Olympus FluoView FV1000 confocal microscope.

Cell culture and western blotting

pCAGGS-Foxpl-Myc and pEGFPH1 derivatives were co-transfected into
human retinal pigment epithelial cell line ARPE-19 cells (kindly provided
by T. Uemura, Fukushima Medical University, Japan) using FuGENE HD
Transfection Reagent (Promega). After 24 h, the cells were collected, and
the cell lysates were separated by SDS polyacrylamide gel electrophoresis
and transferred to a PVDF membrane. Immunoblotting was performed with
anti-Myc antibody (1:2000, sc-40, Santa Cruz Biotechnology) or anti-f-
actin antibody (1:2000, A5441, Sigma-Aldrich).
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