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YNAMIC EXPRESSION OF THE ONECUT TRANSCRIPTION FACTORS
NF-6, OC-2 AND OC-3 DURING SPINAL MOTOR NEURON

EVELOPMENT
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. FRANCIUS AND F. CLOTMAN*

niversité catholique de Louvain, Institute of Neuroscience, Labora-
ory of Neural Differentiation, 55 Avenue Hippocrate (box UCL-NEDI
511), B-1200, Brussels, Belgium

bstract—The Onecut (OC) transcription factors, namely He-
atocyte nuclear factor 6 (HNF-6), OC-2 and OC-3, are tran-
criptional activators expressed in liver, pancreas and ner-
ous system during development. Although their expression
nd roles in endoderm-derived tissues and in the trigeminal
anglia have been investigated, their expression in the CNS
as not been described yet. In this study, we report a quali-
ative and quantitative expression profile of the OC factors in
he developing spinal motor neurons (MN). We provide evi-
ence that OC expression is initiated in newly-born MN. At

ater stages, they are differentially and dynamically ex-
ressed in subsets of differentiating motor neuron within the
our motor columns. We also show that the expression profile
f HNF-6 in spinal MN is conserved in chick embryos. To-
ether, our data unveil a complex and dynamic expression
rofile of the OC proteins in spinal MN, which suggests that
hese factors may participate in regulatory networks that
ontrol different steps of motor neuron development. © 2010

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: Onecut, transcription factors, spinal motor neu-
ons, development.

n the embryonic spinal cord, motor neurons (MN) are the
rst cells to differentiate. Their differentiation program is
ependent on a transcriptional code established by a gra-
ient of Sonic Hedgehog signaling (Roelink et al., 1995;
ricson et al., 1996). This transcriptional code mainly in-
olves cross-regulations between transcriptional repres-
ors (Briscoe and Ericson, 1999; Briscoe et al., 2000). In
he ventral spinal cord, it controls the generation of five
ardinal progenitor domains called p0–p3 and pMN, which
ive rise to V0–V3 interneurons and MN, respectively
Ericson et al., 1997; Briscoe et al., 2000; Briscoe and
ricson, 2001). The pMN domain is defined by combined
xpression of Nkx6.1, Pax6, Olig2 and Neurogenin-2
Neurog2). In this domain, neural progenitors generate MN
hich are initially characterized by Lhx3, Hb9 and Islet

Corresponding author. Tel: �32-2-764-5571; fax: �32-2-764-5572.
-mail address: frederic.clotman@uclouvain.be (F. Clotman).
bbreviations: CT, column of terni; HH, Hamburger–Hamilton stage;
MC, hypaxial motor column; HNF-6, Hepatocyte nuclear factor 6;

sl, Islet; LMC, lateral motor column; LMCl, lateral LMC; LMCm,
edial LMC; MMC, median motor column; MN, motor neurons;
NOS, neuronal nitric oxide synthase; OC, Onecut; PBS, phos-
t
hate buffered-saline; PFA, paraformaldehyde; PGC, preganglionic
olumn; S, somite stages; SEM, standard error of the mean.
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Isl)-1/2 expression (Tanabe et al., 1998; Arber et al.,
999; Takebayashi et al., 2002; Allan and Thor, 2003).

Then, upon differential activation of additional regula-
ors, spinal MN undergo diversification into four different
ubpopulations that migrate to specific locations and
ather in four discrete columns along the anteroposterior
xis of the spinal cord (Sharma et al., 1998; Thor et al.,
999; Kania et al., 2000; Liu et al., 2001; Novitch et al.,
001; Allan and Thor, 2003; William et al., 2003; Dasen et
l., 2005; Dalla Torre di Sanguinetto et al., 2008). These
otor columns are characterized by combinations of tran-

cription factors such as LIM–HD, Hox and Forkhead-box
roteins (Dasen et al., 2003, 2005, 2008; Dalla Torre di
anguinetto et al., 2008; Rousso et al., 2008). Each motor
olumn controls the contraction of distinct groups of muscles
r of visceral organs. Indeed, neurons of the median motor
olumn (MMC) are characterized by expression of Isl-1, Hb9
nd Lhx3 (Tsuchida et al., 1994; Sharma et al., 1998; Thor et
l., 1999; William et al., 2003; Agalliu et al., 2009) and inner-
ate axial muscles. MN of the hypaxial motor column (HMC),
efined by Isl-1 and Hb9 expression (Briscoe and Ericson,
001; Dasen et al., 2008; Rousso et al., 2008; Agalliu et al.,
009), innervate body wall muscles. Preganglionic motor col-
mn (PGC) neurons, which express Foxp1 and neuronal
itric oxide synthase (nNOS), innervate sympathetic ganglia
hich control visceral organ movements (Tsuchida et al.,
994; Shirasaki and Pfaff, 2002; Dasen et al., 2003, 2008;
ousso et al., 2008). Finally, lateral motor column (LMC)
eurons, which innervate limb muscles, are divided into two
ubsets. Lateral LMC (LMCl) cells, which coexpress Foxp1,
hx1/5 and Isl-2, innervate dorsal limb muscles while medial
MC (LMCm) cells, identified by Foxp1 and Isl-1 expression,

nnervate ventral limb muscles (Lin et al., 1998; Kania et al.,
000; Dasen et al., 2003, 2005, 2008; William et al., 2003;
ousso et al., 2008).

Onecut (OC) factors are expressed in the developing
NS of several species including sea urchin (Poustka et
l., 2004), ascidian (Sasakura and Makabe, 2001), dro-
ophila (Nguyen et al., 2000), zebrafish (Hong et al.,
002), frog (Haworth and Latinkic, 2009) and mouse
Landry et al., 1997; Vanhorenbeeck et al., 2002; Jacque-
in et al., 2003b; Hodge et al., 2007). In mammals, the OC

amily is constituted by three genes called Hnf6 (also
alled Oc1), Oc2 and Oc3. These encode transcription
actors containing a bipartite DNA-binding domain com-
osed of a single cut domain and a divergent homeodo-
ain (HD) (Lannoy et al., 1998; Jacquemin et al., 1999,
003b; Vanhorenbeeck et al., 2002). These proteins act as

ranscriptional activators and control cell differentiation in
s reserved.
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iver and pancreas (Jacquemin et al., 2000, 2003a; Clot-
an et al., 2002, 2005; Pierreux et al., 2006; Margagliotti
t al., 2007; Vanhorenbeeck et al., 2007), as well as pat-

erning of the trigeminal sensory neurons (Hodge et al.,
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hich express OC factors have not been characterized
nd data about the temporal evolution of OC expression
re not available. In this study, we report that OC genes
re differentially and dynamically expressed in the ventral
pinal cord during multiple stages of MN differentiation.

EXPERIMENTAL PROCEDURES

nimals

ice were raised in our animal facility and were treated according
o the principles of laboratory animal care of the local Animal

elfare Committee. All efforts were made to minimize the number
f animals used and their suffering. CD1 strain mice were crossed,

he day of vaginal plug was considered to be embryonic day (e)
.5 and then embryos were collected at different stages. Chick
mbryos were obtained from fertilized eggs of Gallus gallus do-
esticus hens, stored at 14°C until experiment, then incubated at
8.5°C in a humidified incubator.

Mouse embryos were collected between e9.0 and e14.5 and
xed in phosphate buffered-saline (PBS)/4% paraformaldehyde
PFA) at 4°C for 10 to 35 min according to their developmental
tage. Mouse embryos at e12.5 and e14.5 were decapitated
efore fixation. For postnatal day (P)1 stage, mice were perfused

ntracardially with cold PBS and then with cold PBS/4% PFA.
erfused mice were dissected and spinal cord at P1 were re-
oved and washed in cold PBS. Chick embryos were collected
etween e3.0 (Hamburger-Hamilton (HH) 18 stage) and e6.5
HH29 stage) of incubation, and fixed in PBS/4% PFA at 4°C for
0 to 45 min according to their developmental stage. Fixed em-
ryos and spinal cord at P1 were washed thrice in cold PBS before

ncubation in PBS/30% sucrose overnight at 4°C. They were
mbedded in PBS/7.5% gelatin/15% sucrose before being frozen
t �56°C. Embryos and spinal cord at P1 were cut at 10 �m in a
ryostat and cryosections were stored at �20°C.

mmunofluorescent labelings

ryosections were saturated with PBS/0.1% Triton/10% horse
erum for 30 min and incubated with the primary antibodies diluted
n the same solution overnight at 4°C. After three washes in
BS/0.1% Triton, the secondary antibodies, diluted in PBS/0.1%
riton/10% horse serum, were added for 30 min at room temper-
ture. Slides were washed thrice in PBS/0.1% Triton before a final
ash in PBS, and were mounted with Fluorescent mounting me-
ium (DAKO, Via Real, Carpinteria, CA, USA).

The following primary antibodies and dilution were used: rab-
it anti Hepatocyte nuclear factor 6 (HNF-6) at 1:50 (Santa Cruz,
anta Cruz, San Jose, CA, USA, #s.c.-13050), rat anti OC-2 at
:400 (Clotman et al., 2005), guinea-pig anti OC-3 at 1:6000
Pierreux et al., 2004), mouse anti Isl-1/2 at 1:6000 (DSHB, De-
elopmental Studies Hybridoma Bank, University of Iowa, Iowa
ity, IA, USA, #39.4D5), goat anti Isl-1 at 1:1000 (Neuromics,
dina, MN, USA, #GT15051), rabbit anti Hb9 at 1:5000 (Abcam,
ambridge, UK, #ab26128), mouse anti MNR2/Hb9 at 1:1000

DSHB #81.5C10), mouse anti Lhx3 at 1:1000 (DSHB #67.4E12),
ouse anti Lhx1/5 at 1:2000 (DSHB #4F2), mouse anti Nkx2.2 at
:20 (DSHB #74.5A5), mouse anti Nkx6.1 at 1:2000 (DSHB
F55A10), mouse anti Evx1 at 1:2000 (DSHB #99.1-3A2), sheep
nti Chx10 at 1:500 (Exalpha Biologicals, Watertown, MA, USA,
X1179P), mouse anti Gata3 at 1:400 (Santa Cruz #sc268), goat

xpressed in a majority of MN (green). (G”, H” and I”) At 32S, OC-3 (red)
or OC-2. (J–L) Quantifications (mean percentage values�standard error
r OC-3 from 26 to 32S (n�3). HNF-6 expression (blue) was maintained

�
r Hb9 cells. OC-3 expression (green) was initiated at 26S and increased to 3
espectively. For interpretation of the references to color in this figure legend, the
nti Foxp1 at 1:1000 (R&D Systems, Minneapolis, MN, USA,
AF4534), rabbit anti nNOS at 1:2000 (Immunostar, Hudson, WI,
SA, #24287), mouse anti Tuj1 at 1:6000 (Covance, Emeryville,
A, USA, #MMS-435P), mouse anti Ki67 at 1:500 (BD Bio-
ciences Pharmingen, San Jose, CA, USA, #556003), mouse
nti-p27Kip1 at 1:2000 (BD Biosciences Pharmingen #610242),
abbit anti-Pea3 at 1:1000 (kindly provided by Sylvia Arber), rabbit
nti-SCIP/Oct-6 at 1:500 (kindly provided by Dies N. Meijer),
uinea-pig anti-Olig2 at 1:8000 (kindly provided by Bennett No-
itch) and guinea-pig anti Foxd3 at 1:2000 (kindly provided by
armen Birchmeier and Hagen Wende).

Secondary antibodies from Invitrogen (Carlsbad, CA, USA) were
sed at 1:2000 and were donkey anti mouse/AlexaFluor 594 or 488
r 647, anti rabbit/AlexaFluor 594 or 488 or 647, anti rat/AlexaFluor
94, anti goat/AlexaFluor 488 or 594, anti sheep/AlexaFluor 594, or
oat anti guinea-pig/AlexaFluor 594 or 488, anti mouse IgG1/Alex-
Fluor 594 or anti mouse IgG2a/AlexaFluor 488.

uantitative analysis

ictures were acquired on a Bio-Rad MRC1024 confocal microscope
ith the Lasersharp 2000 software and processed with ImageJ soft-
are before cell quantifications. Quantifications were performed on

ed or green or blue layer of acquired confocal images and double or
riple labeling cells were processed by subtractive method. Labeled
ells were quantified with count analysis tool of Adobe Photoshop
S3 software. Motor neurons and other neurons that express OC
roteins were counted unilaterally on three sections at three different

evels along the anteroposterior axis of embryonic ventral spinal cord
rom e9.0 to e10.5 and on three sections at three different levels of
he brachial, thoracic and lumbar regions for stages later than e10.5.
aw data of quantifications were exported from Adobe Photoshop
S3 software to SigmaPlot v11 software and then processed in order

o generate histogram and curve figures.

RESULTS

he OC factors are expressed in newly-born MN

e first analyzed the distribution of HNF-6, OC-2 and
C-3 in the mouse embryonic spinal cord at early devel-
pmental stages by immunofluorescence. The first OC
actor to be detected was HNF-6, whose expression began
t e9.5, around 22–24 somite stages (S) (Fig. 1 and Fig.
1). OC-2 expression was delayed for a few hours, starting
etween 24 and 26 S, while OC-3 expression began even

ater around 26–28S (Fig. 2). Therefore, the initiation of
C expression in the ventral neural tube occurred accord-

ng to a HNF-6�OC-2�OC-3 temporal sequence, as ob-
erved in endoderm, liver and pancreas (Jacquemin et al.,
003a; Pierreux et al., 2004; Clotman et al., 2005; Mar-
agliotti et al., 2007; Vanhorenbeeck et al., 2007).

At these early stages, OC were mainly detected in the
arginal zone in the vicinity of the basal lamina, suggest-

ng that they are expressed in newly-born neurons. To test
his hypothesis, we performed immunolabelings for Ki67
which labels the proliferating neural progenitors), p27Kip1

a cell cycle inhibitor expressed in some post-mitotic cells,
ncluding MN) or �III-tubulin (an early neuronal differentia-

cted in a few MN which were located close to basal lamina, as observed
n (SEM)) of Lhx3� or Isl-1/2 or Hb9� MN that expressed HNF-6 or OC-2

of MN. OC-2 expression (red) amounted around 30% of Lhx3� or Isl-1/2
� �
was dete
of the mea
in �80%
0% of Hb9 MN, but only to 20% and 10% of Isl-1/2 or Lhx3 cells,
reader is referred to the Web version of this article.



Author's Personal Copy

t
u
f
1
s
p
O
p
a
n
c
f
m
s
w
e
w
O

T
M

T
f
t
e

i
e
s
p
e
H
M
l
2
a
S
f
3
o
E
d
e
a
2
p
a
s
f

o
M
p
v
p
F
H
5
f

a
d
I
M
o
S
t
p
p
4
t

T
s

T
s
t
e
f
a
b
w
e
t
O
e
H
t
f
8
t

r
e
w
H
b
e
t
t

i
e
L
i
t
e
a
f
c
t
8
e
a
H
1
s
m

C. Francius and F. Clotman / Neuroscience 165 (2010) 116–129120
ion marker). Except for a few HNF6� cells where a resid-
al expression of Ki67 was still detected (Fig. 1A–A”), OC
actors were present in cells that did not contain Ki67 (Fig.
A–A”). Most of these cells contained p27Kip1 (Fig. 1B–B”),
uggesting that OC expression starts as early as neural
rogenitors exit from the cell cycle. Furthermore, all the
C� cells contained �III-tubulin (Fig. 1C–C”). Hence, OC
roteins were present in post-mitotic cells that have initi-
ted neuronal differentiation. As MN are the first spinal
eurons to differentiate, we assessed whether the OC�

ells were MN by performing immunofluorescent labelings
or Olig2 (marker of MN progenitors), Isl-1/2 and Hb9 (MN
arkers). Interestingly, we observed that HNF-6 expres-

ion was initiated in Isl-1/2� newly-born MN wherein Olig2
as still detected (Fig. 1D–D”). HNF-6 and OC-2 were
xpressed in a majority of Isl-1/2� cells (Fig. 1E–E”) and
ere present in all the Hb9� neurons (Fig. 1F–F”). Thus,
C factors are present in newly-born MN.

he OC factors are dynamically expressed during
N development

o gain further insight into OC expression during MN dif-
erentiation, we studied HNF-6, OC-2 and OC-3 distribu-
ion in spinal MN at different developmental stages from
9.0 to e14.5.

First, we quantified HNF-6, OC-2 and OC-3 expression
n Lhx3�, Isl-1/2� or Hb9� MN from 26 to 32S (e9.5 to
10.0) along the rostrocaudal axis of the embryonic ventral
pinal cord. At these early stages, Lhx3 is transiently ex-
ressed in all the newly-born MN while, at later stages, its
xpression is restricted to MMC neurons (see below).
NF-6 was present in a vast majority of Lhx3� newly-born
N (Fig. 2A–A”and D–D”), although the amount of co-

abeled cells slightly decreased between 28 and 32S (Fig.
J). In contrast, OC-2 and OC-3 were stably expressed in
minority of Lhx3� MN (Fig. 2A–A”, D–D”, G–G” and J).
imilarly, the percentage of Isl-1�HNF-6� MN decreased

rom 89% to 77% out of total Isl1� MN between 26 and
2S, while percentages of Isl-1� cells that expressed OC-2
r OC-3 remained between 20% and 30 % (Fig. 2B–B”,
–E”, H–H” and K). Finally, HNF-6 expression in Hb9� MN
ecreased from 100% to 88% of total Hb9� MN, OC-2
xpression decreased from 45% to 32% while the percent-
ge of Hb9� cells that express OC-3 increased from 3% to
8% (Fig. 2C–C”, F–F”, I–I” and L). At these stages, the
roportion of HNF-6, OC-2 or OC-3 in MN did not vary
long the rostrocaudal axis of the spinal cord (data not
hown). Hence, at the beginning of MN differentiation, OC
actors are present in a majority of newly-born MN.

Then, we quantified OC expression in Lhx3�, Isl-1/2�

r Hb9� MN from e10.5 to e14.5. OC expression in Lhx3�

N globally decreased, but OC factors remained ex-
ressed at low levels in some Lhx3� MN located in a
entro-medial position (Fig. 3A–A”, D–D”, G–G” and J–J’),
robably corresponding to MMC neurons (see below).
rom e10.5 to e14.5, HNF-6 expression in Isl-1/2� and in
b9� MN decreased from 74% to 15% and from 72% to
4%, respectively. Similarly, OC-2 expression decreased
rom 37% to 18% and from 30% to 6% (Fig. 3B–C”, H–I” s
nd M–N”). In contrast, OC-3 expression was more stable,
ecreasing only from 39% to 28% and from 45% to 34% in
sl-1/2� or Hb9� MN, respectively (Fig. 3E–F”, K–L”,
–N”). At all developmental stages, the expression pattern
f the 3 OC genes was partially overlapping (Figs. 1–3, S2,
3). These observations indicated that OC expression is

ransient in most of the MN. In addition, combined ex-
ression of the OC factors may define subsets of MN
opulations, while MN that express HNF-6 (more than
0% at e12.5) may correspond to MN subpopulations

hat form some of the motor columns.

he OC factors are differentially expressed in
ubsets of MN column populations

o assess whether Hnf6 expression indeed corresponds to
pecific MN columns, we analyzed its distribution, as well as
hat of OC-2 and of OC-3 in MMC, HMC, PGC and LMC from
11.5 to e14.5. In the MMC, HNF-6 expression decreased

rom 63% to 39% out of total MMC neurons between e11.5
nd e14.5. OC-2 expression decreased from 48% to 43%
etween e11.5 and e12.5, then increased to 71% at e14.5,
hile OC-3 expression decreased from 55% to 29% between
11.5 and e14.5 (Fig. 4G). Thus, OC-2 appeared to become

he predominant OC in MMC neurons whereas HNF-6 and
C-3 expression was downregulated (Fig. 4A–F”). The OC
xpression profile was qualitatively similar in HMC. Indeed,
NF-6 expression slightly decreased from 51% to 44% be-

ween e11.5 and e14.5, while OC-2 expression increased
rom 16% to 83%. OC-3 expression increased from 48% to
0% between e11.5 and e12.5, then decreased to 15% be-

ween e12.5 and e14.5 (Fig. 4H).
Next, we characterized OC distribution in PGC neu-

ons from e11.5 to e14.5 (Fig. 5A–F). At e11.5, HNF-6 was
xpressed in 80% of the PGC neurons (Fig. 5A–A” and F)
hile OC-2 and OC-3 were not present (Fig. 5B–C” and F).
NF-6 expression decreased dramatically from 80% to 2%
etween e11.5 and e14.5 (Fig. 5D–D” and F), while the
xpression of OC-2 and OC-3 was only transiently de-
ected at e12.5 in 14% and 11% of PGC neurons, respec-
ively (Fig. 5E–E” and F).

Finally, we examined the distribution of each OC factor
n brachial and lumbar LMCm and LMCl from e11.5 to
14.5 (Fig. 6A–F”). The ratio of OC� cells in LMCm or in
MCl was very similar at brachial and lumbar levels. Dur-

ng LMCm development, HNF-6 expression was main-
ained in more than 80% of the MN between e11.5 and
12.5, but decreased to 39% at e14.5. In contrast, OC-2
nd OC-3 expression increased from 38% to 76% and
rom 30% to 70% between e11.5 and e12.5, then de-
reased at e14.5 to 9% and 39%, respectively (Fig. 6G). In
he developing LMCl, expression of HNF-6 decreased from
4% to 20% between e11.5 and e14.5. In contrast, OC-2
xpression increased from 24% to 44% between e11.5
nd e12.5 then decreased to 2% at e14.5. As observed for
NF-6, OC-3 expression dramatically decreased from
5% to 0% (Fig. 6H). This distribution of OC factors in
ubsets of LMC neurons suggested that OC expression
ay correspond to motor pools which innervate specific
ets of locomotory muscles.
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ig. 3. The Onecut factors are dynamically expressed in differentiating MN. (A–L”) Immunolabelings of HNF-6 (blue), OC-2 or OC-3 (red), in Lhx3� or Isl-1� or
b9� MN (green) on transverse sections of ventral spinal cord at brachial levels from e10.5 to e12.5. (A–F”) At e10.5, HNF-6 was present in a majority of Lhx3�

r Isl-1� or Hb9� MN. In contrast, OC-2 and OC-3 exhibited a limited expression in Lhx3� MN (A” and D”) and were present in a minority of Isl-1� or Hb9� MN (B”,
”, E” and F”). Expression of HNF-6, OC-2 and OC-3 was partially overlapping. (G–L”) At e12.5, HNF-6, OC-2 and OC-3 expression was strongly limited in Lhx3�

N (G–G” and J”) which correspond to the MMC (delineated by white dashes). HNF-6 was present in large subsets of Isl-1� or Hb9� MN, while OC-2 and OC-3
xhibited a more restricted expression pattern (H”, I”, K” and L”). (M and N) Quantifications (mean percentage values�SEM) of Isl-1� or Hb9� MN that expressed
NF-6 or OC-2 or OC-3 from 26S to e14.5 (n�3). HNF-6 expression (blue) decreased significantly in Isl-1/2� and in Hb9� MN. OC-2 expression (red) transiently

ncreased from 20% to 37%, then decreased to 18% in Isl-1/2� MN, while it decreased gradually from 45% to 6% in Hb9� MN OC-3 expression (green) remained

round 30% in Isl-1/2� and in Hb9� MN. For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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ig. 4. The Onecut factors are differentially and dynamically expressed in MMC and hypaxial motor column (HMC) neurons. (A–F”) Immunolabelings of
NF-6 or OC-2 or OC-3 (blue), Lhx3 (red) and Isl-1/2 (green) on transverse sections of ventral thoracic spinal cord at e12.5 and e14.5. MMC and HMC
omains were delineated by white dashes. MMC neurons (yellow) were characterized by the coexpression of Lhx3 and Isl-1/2. HMC neurons (green)
xpressed Isl-1/2 but not Lhx3. (A–A”) At e12.5, HNF-6 was expressed in a portion of MMC and HMC cells; (B–B”) OC-2 was present in a small portion of
MC neurons, but in more numerous HMC cells; (C–C”) OC-3 was more broadly expressed in MMC and HMC neurons than OC-2. (D–D”) At e14.5, HNF-6
xpression was observed in MMC and HMC; (E–E”) OC-2 was broadly expressed in MMC and HMC; (F–F”) OC-3 expression was restricted to a few MN

n MMC and HMC. (G and H) Quantifications (mean percentage values�SEM) of MMC or HMC neurons that expressed HNF-6 or OC-2 or OC-3 from e11.5
o e14.5 (n�3). (G) In MMC neurons, HNF-6 expression decreased gradually from 63% to 39%, while OC-2 expression increased from 48% to 71%. OC-3
ecreased gradually from 55% to 29%. (H) In HMC neurons, HNF-6 expression decreased slightly from 51% to 44%, while OC-2 increased significantly from
6% to 83%. OC-3 expression increased from 48% to 80% between e11.5 and e12.5, but it expression decreased dramatically to 15% at e14.5. For
nterpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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To determine whether this is the case, we assessed
C expression at e12.5 in Pea3�, SCIP� or Nkx6.1� MN
ools at brachial and lumbar levels. We were not able to

OC-3 Foxp1 Isl-1/2

C C’

C’’

HNF-6 Foxp1 Isl-1/2

OC-2 Foxp1 Isl-1/2

OC-2

e1
1.

5

A

B

A’

A’’

B’

B’’

Foxp1 Isl-1/2

HNF-6

Foxp1 Isl-1/2

OC-3

Foxp1 Isl-1/2
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n transverse sections of ventral thoracic spinal cord at e11.5 and e
xpression of Foxp1 (red) and Isl-1/2 (green) at e11.5 (A–C’), and b
ntibodies were sequentially detected with different anti-rabbit seco
ytoplasmic labeling in red and green (D–D”). (A–A”) At e11.5, HNF-6
blue) or OC-3 (blue) was not detected within PGC neurons (yellow). (D
GC neurons (nNOSc, cytoplasmic labeling, yellow in A, red in A’ and
ere present in very few PGC cells (green), as indicated by arrowhe
xpressed HNF-6 or OC-2 or OC-3 from e11.5 to e14.5 (n�3). HNF
ecreased to 12% at e12.5 and to 2% at e14.5. OC-2 and OC-3 were
C-2 was not detected while OC-3 was present in less than 1% of PGC

s referred to the Web version of this article.
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r OC-3 (blue), Isl-1 (red) and Foxp1 (green), on transverse sections of ventral spinal cord at brachial levels. LMC was delineated by white dashes
nd medial LMC (LMCm) and LMCl were separated by a white dotted line. LMCm neurons (yellow) were characterized by the expression of Foxp1
nd Isl-1, while LMCl neurons (green) expressed Foxp1 but not Isl-1. (A–C”) At e12.5, HNF-6, OC-2 and OC-3 were broadly expressed in LMCm and
MCl neurons. (D–D”) At e14.5, HNF-6 expression was limited to a few LMCm or LMCl neurons; (E–E”) OC-2 expression was strongly reduced in both
MCm and LMCl; (F–F”) OC-3 expression was still observed in a few LMCm neurons but was absent from LMCl cells. (G and H) Quantifications (mean
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ere present in subsets of MN within SCIP and Pea3 MN
ools (Fig. 7D–F”). Hence, our results indicated that sub-
ets of MN that express OC did not correspond to known
N pools.

Taken together, these results showed that OC genes
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r SCIP or Pea3 (red), on transverse sections of ventral spinal cord (br
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kx6.1. (D–D”) OC-2 was expressed in a few SCIP� MN; (E–E”) OC
xpression. (F–F”) OC-2 (blue) and OC-3 (green) were present in subs
f the references to color in this figure legend, the reader is referred
re dynamically and differentially expressed in subsets of d
N. They also confirmed that OC expression in MN is
ransient, as it is progressively restricted to a minority of
hese cells during the course of development. In addition to
N, OC factors were also detected in cells of the ventral

pinal cord that do not express MN markers (Figs. 1–7). To
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roteins in each ventral interneuron population was as-
essed. Co-labelings for OC and Evx1, Foxd3, Chx10,
ata3 or Nkx2.2, which define V0, V1, V2a, V2b or V3

nterneurons respectively, showed that OC factors were
xpressed in a subset of each interneuron population (Fig.
4), as observed for MN. Finally, to assess whether OC
ight be re-expressed in MN at later stages, we deter-
ined the distribution of HNF-6, OC-2 and OC-3 in the

entral spinal cord at postnatal day (P)1. We observed that
C factors were broadly expressed in the ventral horn, and

hat HNF-6 and OC-3 were re-expressed in a large pro-
ortion of MN (Fig. S5).

he expression profile of HNF-6 in spinal MN is
onserved between chick and mouse

inally, we addressed the question of the conservation of
C expression pattern during MN development in other

ertebrate species. Our interest focused on chick because
hick embryo is widely used in MN development studies.
irst, we assessed whether the OC antibodies we used on
ouse tissues do bind proteins on chick spinal cord sec-

ions. Only the HNF-6 antibody gave a specific signal (Fig.
), whereas antisera raised against OC-2 or OC-3 did
ot (data not shown). This suggested either that a single
C gene related to Hnf6 exists in the chick, or that
dditional chick OC proteins exist but are not recognized
y the OC-2 and OC-3 antisera. Analysis of the chick
enome showed a single region annoted as OC gene
Onecut1 ENSGAL00000021321, on chromosome 10:
.894.475-9.895.108). Although this sequence was incom-
lete, preventing any consistent comparison with the mam-
alian OC gene, this suggested that the HNF-6 antibody

ecognizes the chick protein cOC-1. Therefore, the HNF-6
ntibody was used to assess the distribution of cOC-1 on
pinal cord sections from HH18 to HH29 embryos (from
3.5 to e6.5).

We observed that cOC-1 expression was initiated
round HH18 in cells located in the marginal zone in the
icinity of the basal lamina. cOC-1 was present in post-
itotic neurons, since all the cOC-1� cells expressed the

ell cycle inhibitor p27Kip1 and an early neuronal differen-
iation marker, �III-tubulin (Fig. 8A–A”). To determine
hether these cOC-1� neurons corresponded to newly-
orn MN, we performed immunolabelings of Olig2 (marker
f MN progenitors) and Isl-1/2. This experiment provided
vidence that cOC-1 was not present in Olig2� MN pro-
enitors but was expressed in Isl-1/2� newly-born MN
Fig. 8B–B”). Hence, cOC-1 is present in MN in chick
pinal cord, at the early steps of MN differentiation.

Next, we examined whether cOC-1 was also ex-
ressed during later steps of MN differentiation. cOC-1
as present in a large majority of MN at HH24 (data not
hown). At HH29, it was detected in equivalent amounts of
ells in MMC and HMC neurons (Fig. 8C–C”), it was
roadly expressed in LMCm and more restricted in LMCl
eurons (Fig. 8D-D”), and was present in the columns of
erni, which are equivalent to the PGC in mice (Fig. 8E–
”). This distribution was similar to that observed in mouse

mbryos, indicating that the HNF-6 expression pattern in M
N is conserved between bird and mice. These results
trongly suggest a conservation of HNF-6 functions during
N development.

DISCUSSION

he differentiation program of the spinal MN is under the
ontrol of multiple transcription factors. Most of these
re transcriptional repressors (Olig2, Hb9, Nkx6.1, and
kx6.2) which prevent irrelevant differentiation cascades

o be activated, resulting in the activation of the proper
ifferentiation program in the right cells (Arber et al., 1999;
haler et al., 1999; Sander et al., 2000; Novitch et al.,
001). Their expression patterns often match to well-de-
ned MN subpopulations corresponding either to newly-
orn MN, to motor columns or to pools of MN that even-
ually innervate specific sets of muscles (Lin et al., 1998;
asen et al., 2005, 2008; Dalla Torre di Sanguinetto et al.,
008; Rousso et al., 2008). Here, we provide evidence that
he OC transcriptional activators are dynamically and dif-
erentially expressed in subsets of these MN subpopula-
ions at different stages of MN development.

OC expression starts in newly-born MN. The initiation
f HNF-6 expression seems to correlate with that of Isl-1
nd to precede the onset of Hb9 expression, consistent
ith the fact that Isl1 lies upstream of Hb9 in MN (Lee et
l., 2004; Nakano et al., 2005). OC genes exhibit partially
verlapping expression patterns characterized until e11.5
y a spatial HNF-6�OC-2�OC-3 hierarchy which parallels
heir temporal induction sequence. Indeed, the Oc3 ex-
ression domain is included in the Oc2 domain, which is

ncluded in the Hnf6 domain. Given the broad functional
edundancy between OC factors (Jacquemin et al., 1999;
anhorenbeeck et al., 2002; Clotman et al., 2005; Beaudry
t al., 2006), these observations underline that these
roteins may exert overlapping functions during MN
evelopment.

The OC transcription factors are dynamically and dif-
erentially expressed during maturation of MN. This sug-
ests that specific combinations of OC might either define
istinct subsets of MN or participate in specific steps of MN
ifferentiation. Indeed, HNF-6 expression is initiated in a

arge majority of newly-born MN whereas the expression of
C-2 and of OC-3 is activated in more differentiated MN.
C-2 becomes predominant in MMC and HMC neurons at
14.5, whereas the expression of HNF-6 and OC-3 in
hese cells globally declines. PGC neurons predominantly
xpress Hnf6, whereas Oc2 and Oc3 are only transiently
etected at e12.5 in a very small portion of these cells.
MCm column is enriched in OC proteins as compared to
he LMCl column. Furthermore, OC expression in each MN
ubset shows a dynamic temporal profile. In contrast, con-
rary to Foxp1 expression (Dasen et al., 2008; Rousso et
l., 2008), the distribution of OC factors does not seem to
ary along the anteroposterior axis of the spinal cord.
ence, these observations suggest that OC factors could
ave multiple functions at several stages of MN develop-
ent and/or in different subsets of differentiating MN.

oreover, OC proteins were detected in subsets of spinal
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ig. 8. Expression of the Onecut in the spinal MN is conserved between chick and mouse. (A–A”) Immunolabelings on transverse sections of chick
pinal cord at Hamburger–Hamilton 19 (HH19) stage, showed that cOC-1 (blue) was present in post-mitotic neurons that expressed the cell cycle
nhibitor p27kip1 (green) and the neuronal marker �III-tubulin (Tuj1 antibody, red). (B–B”) cOC-1 (blue) was not expressed in Olig2� cells (green) but
as present in Isl-1/2� MN (red), at HH19. (C–C”) At HH29, cOC-1 was present in both HMC (green) and MMC (yellow), which were characterized
y the expression of Isl-1/2 (green) or coexpression of Isl-1/2 and Lhx3 (red), respectively. HMC and MMC are delineated by white dashes. (D–D”)
OC-1 (blue) was also broadly expressed in both LMCm (yellow) and LMCl (green) at HH29. MMC population is delineated by white dashes, the
edian and lateral columns being separated by white dots. (E–E”) At HH29, cOC-1 (blue) was present in column of Terni (CT) neurons (equivalent

o PGC neurons in mouse), which were characterized by coexpression of Isl-1 (red) and Foxp1 (green). CT are delineated by white dashes. For

nterpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.
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N at post-natal stages. Consequently, they could exert
round birth additional functions that may differ from those
xerted during embryonic development.

The OC factors exhibit an original expression pattern
hen compared to other transcription factors such as Isl-1,

sl-2, Hb9, Lhx1/5 and Foxp1. Indeed, OC proteins are not
etected in all the cells of a particular column, but are
ather present in subsets of MN in different columns. This
s in contrast to Isl-2, Hb9 and Lhx1/5 which are specifically
xpressed in all the LMCl neurons and to Isl-1 which is
resent in LMCm but not in LMCl, or to Foxp1 which is
etected in all the PGC and LMC neurons. Hence, OC
actors are not markers of specific columns, but may rather
e instrumental in defining further subdivisions within the
N subpopulations. However, we were not able to corre-

ate these subdivisions with specific properties of the OC�

ells nor with expression patterns of other MN markers,
ven in the LMC where these subdivisions do not corre-
pond to the pools of MN (Dasen et al., 2005; Dalla Torre
i Sanguinetto et al., 2008). Similarly, OC proteins are
resent in subsets of ventral interneurons and may define
pecific interneuron subpopulations.

Finally, our observations establish that the HNF-6/
OC-1 expression pattern in the developing spinal MN is
onserved between chick and mouse embryo. This sug-
ests a probable conservation of OC functions in MN
ifferentiation. However, in the mouse spinal cord, HNF-6
xpression is initiated around 22S simultaneously to Isl-1,
hile cOC-1 begins to be expressed around HH18 (30S) in

he chick. Consequently, cOC-1 expression is delayed
hen compared to that of Lhx3 and Isl-1, as observed for
c2 and Oc3 in the mouse. These results suggest that the

unction of chick cOC-1 and of murine HNF-6 at early
tages of MN differentiation might be different. Whether
ther OC are expressed earlier than cOC-1 in the chick
mbryonic spinal cord remains to be investigated.

CONCLUSION

n this study, we report for the first time a qualitative and
uantitative analysis of OC expression during development of

he MN. We show that OC factors are dynamically, differen-
ially and transiently expressed at different stages of MN
ifferentiation and exhibit a partially overlapping expression
attern. Together, our data suggest that OC transcription

actors may participate in the regulatory networks that control
he early steps of MN differentiation, and could exert later
unctions in subsets of the described MN subpopulations.
inally, they provide evidence that the OC expression pattern

n developing MN is conserved in chick and mouse.
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