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Prox1 Regulates Olig2 Expression to Modulate Binary Fate
Decisions in Spinal Cord Neurons
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and Panagiotis K. Politis'

ICenter for Basic Research, Biomedical Research Foundation of the Academy of Athens (BRFAA), 115 27, Athens, Greece and 2Research Group
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Specification of spinal cord neurons depends on gene regulation networks that impose distinct fates in neural progenitor cells (NPCs).
0Olig2 is a key transcription factor in these networks by inducing motor neuron (MN) specification and inhibiting interneuron identity.
Despite the critical role of Olig2 in nervous system development and cancer progression, the upstream molecular mechanisms that
control Olig2 gene transcription are not well understood. Here we demonstrate that Prox1, a transcription repressor and downstream
target of proneural genes, suppresses 0lig2 expression and therefore controls ventral spinal cord patterning. In particular, Prox1 is
strongly expressed in V2 interneuron progenitors and largely excluded from Olig2+ MN progenitors (pMN). Gain- and loss-of-function
studies in mouse NPCs and chick neural tube show that Prox1 is sufficient and necessary for the suppression of 0lig2 expression and
proper control of MN versus V2 interneuron identity. Mechanistically, Prox1 interacts with the regulatory elements of Olig2 gene locus in
vivoanditis critical for proper Olig2 transcription regulation. Specifically, chromatin immunoprecipitation analysis in the mouse neural
tube showed that endogenous Prox1 directly binds to the proximal promoter of the 0lig2 gene locus, as well as to the K23 enhancer, which
drives Olig2 expression in the pMN domain. Moreover, plasmid-based transcriptional assays in mouse NPCs suggest that Prox1 sup-
presses the activity of Olig2 gene promoter and K23 enhancer. These observations indicate that Prox1 controls binary fate decisions

between MNs and V2 interneurons in NPCs via direct repression of Olig2 gene regulatory elements.
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Introduction

During development of the central nervous system (CNS) a large
variety of cell types are specified via a combined action of extrin-
sic morphogenetic cues and intrinsic gene regulatory networks
(Jessell, 2000; Marquardt and Pfaff, 2001). Olig2 is a central
player and master regulator of many distinct neural fates in the
CNS. In the early ventral neural tube, Olig2 specifies the motor
neuron progenitor domain (pMN) via repressive actions on
other transcription factors (Briscoe and Novitch, 2008). Al-
though Olig2 is a key regulator for the specification of motor
neurons (MNs) and other neural subtypes (Mizuguchi et al.,
2001; Novitch et al., 2001; Zhou et al., 2001; Lu et al., 2002;
Takebayashi et al., 2002; Zhou and Anderson, 2002; Lietal., 2011;
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Hafler et al., 2012), as well as cancer progression (Marie et al.,
2001; Aguirre-Cruz et al., 2004; Tabu et al., 2006; Ligon et al.,
2007; Mehta et al., 2011; Sun et al., 2011), the transcription fac-
tors that directly control its expression are largely elusive. It was
only recently shown that miRNA-17-3p is involved in the repres-
sion of Olig2 expression and specification of pMN domain (J. A.
Chen et al., 2011).

To further understand the mechanistic basis of Olig2 gene
regulation, we investigated the possibility that additional fac-
tor(s) may be involved in the transcriptional network that con-
trols Olig2 expression. To this end, we and others have previously
shown that Prox1, a homeodomain transcription factor with a
key role in cell type specification in various organs and tissues
(Wigle and Oliver, 1999; Wigle et al., 1999, 2002; Sosa-Pineda et
al., 2000; Dyer et al., 2003; Harvey et al., 2005; Risebro et al., 2009;
Kaltezioti et al., 2010; Elkouris et al., 2011), is strongly expressed
in neural tube during development (Misra et al., 2008; Kaltezioti
et al., 2010). Moreover, we showed that Prox1 coordinately reg-
ulates cell cycle exit of neural progenitor cells (NPCs) with induc-
tion of generic aspects of neuronal differentiation (Misra et al.,
2008; Kaltezioti et al., 2010). Most importantly, Prox1 expression
is mainly confined in interneuron progenitors, being largely ex-
cluded from the MNs in chick spinal cord (Misra et al., 2008;
Kaltezioti et al., 2010). Additionally, studies from other groups
have shown that overexpression of Olig2 in chick spinal cord is
sufficient to suppress Prox1 expression, while proneural genes,
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and necessary for the suppression of Olig2
transcription and MN identity in the spi-
nal cord.

Materials and Methods

In situ hybridization on cryosections. Nonradio-
active in situ hybridization on cryosections and
preparations for digoxigenin-labeled probes
were performed as previously described (Poli-
tis et al., 2007a,b; Kaltezioti et al., 2010).

RNA extraction and real-time RT-PCR anal-
ysis. Total RNA was isolated by using the
RNAeasy Kit (Qiagen) followed by treatment
with RQ1 DNase (Promega). Quantitative
real-time RT-PCR analysis was performed as
described previously (Politis et al., 2007a,b;
Kaltezioti et al., 2010). Primer sets used in RT-
PCR assays are as follows: mOlig2-For:
CACAGGAGGGACTGTGTCCT, mOlig2-Rev:
GGTGCTGGAGGAAGATGACT, mGAPDH-
For: AACTCCCTCAAGATTGTCAGCAA, and
mGAPDH-Rev: ATGTCAGATCCACAACGG
ATACA.

Immunohistochemistry. Prox1 was detected
using a rabbit polyclonal anti-Prox1 antibody
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such as Ascll (Mashl) and Neurog2 (Ngn2), which synchronize
subtype specification with generic aspects of neurogenesis, are
able to induce Prox1 expression (Torii et al., 1999; Misra et al.,
2008). Furthermore, in the Pax6°¥/*®Y mutant mice, where Olig2
expression is downregulated and MN differentiation is severely
impaired (Ericson et al., 1997), Prox1 expression is upregulated
into the MN domain (Misra et al., 2008). These observations
indicate a negative correlation of Prox1 with Olig2 function and
MN lineage specification.

Here we provide functional evidence that Prox1 is indeed a
critical regulator of Olig2 and binary fate decisions in the ventral
NPCs. In particular, we show that endogenous Prox1 is able to
directly bind and regulate the Olig2 proximal promoter and en-
hancer elements in vivo. Through this action, Prox1 is sufficient

Prox1/Olig2/DAPI

Spatiotemporal expression patterns of Prox and Olig2 in chick and mouse neural tube. A-D, Initu hybridizations with Prox7
and comparison with Olig2, ChAT, and SCG70 on adjacent cryosections from HH stages 12/13 (A), 18 (B), 24 (€),and 29 (D) chick spinal cord.
E-H, Doubleimmunostainings of Prox1 (green) and Olig2 (red) in HH stage 12/13 (E), HHstage 15 (F), HH stage 18 (G), and HH stage 24 (H)
chick spinal cord. The arrows indicate cells that coexpress Prox1 and Olig2. I-L, Double immunostainings of Prox1 (green) and Olig2 (red) in
E8.5(/),E9.5(/),E10.5 (K),and E12.5 (L) mouse spinal cord. The square brackets indicate the Prox1+ cells, exactly above the Olig2 + cells
in the p2 domain. The arrows indicate cells that coexpress Prox1 and Olig2. Scale bars: A~C, 50 um; D, 100 um; E-L, 50 m.

(ReliaTech) or a mouse monoclonal antibody
(Millipore Bioscience Research Reagents).
Mouse monoclonal antibodies against MNR2
(Hb9), Isletl, Lim3, Lhx1/5, Pax3, Pax7, Pax6,
and Nkx6.1 were obtained from Developmen-
tal Studies Hybridoma Bank (University of
Iowa, Iowa City, IA). Goat polyclonal anti-
Olig2 antibody was purchased from Santa Cruz
Biotechnology(C-17, sc-19969) and rabbit
polyclonal anti-Olig2 from Millipore Biosci-
ence Research Reagents (AB9610). Mouse
monoclonal anti-BIII-tubulin was from Cova-
nce and rabbit Sox1 from Cell Signaling Tech-
nology (4194S). Chx10 and Sox2 antibodies
were kindly provided from Dr. Laskaro Zago-
raiou (BRFAA, Athens, Greece). Anti-GFP was
purchased from Invitrogen and anti-Flag, anti-
Myc, and anti-His from Sigma. Secondary an-
tibodies conjugated with Alexa Fluor 488
(green), 568 (red), or 647 (far red) were pur-
chased from Invitrogen. Cell nuclei were la-
beled with Hoechst 33258 or DAPI (1:2000;
Invitrogen).

ChIPs. ChIP assays were performed essen-
tially as previously described (Kaltezioti et al.,
2010; Foskolou et al., 2013). Spinal cords were
dissected from E12.5 mice embryos and 25 ug of
chromatin was used per IP reaction with up to 3
pg of antibody. Chromatin-antibody immuno-
complexes were formed using affinity-purified antibodies to Prox1 (ReliaT-
ech, 102-PA32). Chromatin-IgG immunocomplexes were used as control.

The following set of primers was used to amplify the genomicloci from
murine Olig2 gene as indicated in Figure 5A (in all cases we used two
different reverse primers for real-time PCR and verification with conven-
tional PCR, due to product size limitations): vDistal-For: CTCTTGC-
CAACCCTGAAGAC, vDistal-Rev: CAGAGAATTGGGAGGAATCG,
vDistal-Rev2: GAATGCTCAGGATTGGGAAA, Distal 1.1 kb-For: GGCA
CCAAGATGTTGGAAGT, Distal 1.1 kb-Rev: CCCACTCCCTTAGC
TCCTTT, Distal 1.1 kb-Rev2: GGGAAGAAATCGCAATTCAT,
Proximal 1.1 kb-For: GCCTGACGCTACAGTGACAA, Proximal 1.1 kb-
Rev: TGATGTCACCCGGCTAATTC, Proximal 1.1 kb-Rev2: GAAAGG
GCGAGCTGAAGAA, 3'-UTR-For: CCCTCCTGTTGTCTCTCCTG,
3'-UTR-Rev: CCAGTCGGGTAAGAAACCAA,3'-UTR-Rev2: TTGGGA
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Lineage-tracing experiments using 0lig2" " knock-in mice. A, Schematic representation of the Olig2 lineage-tracing experiments. Progenitor cells of the ventral spinal cord that

express Olig2 and all their progeny are marked by RFP expression in 0lig2® " ;R05A26-loxP-STOP-loxP-RFP embryos. Analyses of these embryos are presented in B—E. B, Triple immunostaining of
0lig2 (green), RFP (red), and Prox1 (gray) in E8.5 mouse spinal cord. The brackets indicate the Olig2/RFP expression domain that is characterized by the absence of Prox1-expressing cells at this early
stage. C, Triple immunostaining of Olig2 (green), Nkx6.1 (blue), and RFP (red) in E10.5 mouse spinal cord. The brackets indicate the p2 (Nkx6.1+ and Olig2—) and pMN (Nkx6.1+ and Olig2+)
domains, as indicated. Note that RFP + cells are detected into the p2 domain. D, E, Double immunostainings of Prox1 (green) and RFP (red) in E10.5 (D) or E13.5 (E) mouse spinal cords. The arrows

indicate cells that coexpress Prox1 and RFP. Scale bars: 50 pm.

TTATTCCATTCCACA, K23a-For: CCTGCTTGTCTTTGGAGAGG,
K23a-Rev: GAGACAGCAGGGCAAGATTC, and K23a-Rev2: CAGTCCA
GCAGAAGAACACCT.

Luciferase assays. Luciferase reporter assays were performed with
luciferase/B-galactosidase kits (Promega), in mouse primary NPCs and
the Neuro2A cell line after AMAXA electroporation (Lonza) and Lipo-
fection (Lipofectamine 2000; Invitrogen), respectively (Kaltezioti et al.,
2010; Foskolou et al., 2013). Five different luciferase reporter constructs
were used for transcriptional assays, including the murine 1.1 kb Olig2
promoter fused with luciferase (1.1 kb), K23 enhancer upstream of the
1.1 kb (K23enh), SV40 promoter fused with luciferase (SV40; Clontech),
K23 enhancer upstream of the SV40 (SV40-K23enh), and empty pro-
moterless vector (PRless; Clontech). All experiments were done in qua-
druplicate and repeated at least three times.

Culture of NPCs and overexpression studies. NPC cultures from E14.5
embryonic mouse spinal cords were prepared and analyzed as previously
described (Politis et al., 2007a,b; Kaltezioti et al., 2010). For Prox1, Olig2,
or GFP overexpression, cells were transfected using an AMAXA electro-
porator (Lonza; 5 ug of plasmid DNA per electroporation). These
vectors were previously described (Kaltezioti et al., 2010). The pCDNA3-
Olig2 vector was constructed for this study from total brain from E12.5
mouse CNS by RT-PCR and standard cloning methodology. Viral trans-
duction with lentivirus-expressing shProx1 was performed in NPCs as
recommended by the supplier (Sigma, TRC lentiviral library). The refer-
ence number and corresponding sequence for each shRNA construct
used in this study were previously described (Foskolou et al., 2013).

In ovo electroporation. Unilateral overexpression of transgenes and
shRNA constructs in the chick neural tube by in ovo electroporation
method was performed as previously described (Politis et al., 2007b;

Kaltezioti et al., 2010). The pCAGGs-Prox1l, pCAGGs-ADBD-Proxl1,
pCAGGs-NICD, pCAGGs-GFP, and pCAGGS empty vectors and
shRNA constructs were previously described in detail (Kaltezioti et al.,
2010). The myc-tagged RCAS-cOlig2 expression vector for rescue exper-
iments in chick embryos was kindly provided by Despina Stamataki and
James Briscoe (MRC, London, UK).

Mouse lines. OligZC’“/Jr mice (Wu et al., 2006; Dessaud et al., 2007,
2008, 2010; J. A. Chen et al., 2011) were generated in the Jessell labora-
tory, Columbia University, and kindly provided to our laboratory from
Tom Jessell and Laskaro Zagoraiou (BRFAA, Athens, Greece). The
ROSA26-loxP-STOP-loxP-RFP mice were obtained from The Jackson
Laboratory. All animals were handled in strict accordance with good
animal practice as defined by the relevant European and Greek animal
welfare bodies. The sex of the animal embryos used in this study was not
determined.

Statistical analysis. The measurements and experimental values from
independent experiments were analyzed by two-tailed Student’s t test.
The results are shown as mean values of independent experiments *+
STD. The p values were determined with Excel software.

Results

Prox1 expression is largely excluded from Olig2+ cells of the
pPMN domain

Prox1 expression in the dorsal neural tube marks a transitory
cell population between ventricular zone (VZ) and mantle
zone (MZ) that has exited the cell cycle and begun to express
markers of postmitotic neurons such as SCG10 (Fig. 1A-D).
We and others have previously shown that Proxl, in these
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Figure3.  Prox1is expressed in the V2 interneuron progenitors in embryonic chick and mouse spinal cord. 4, Double immuno-
staining of Prox1 (green) and Sox2 (red) in HH stage 24 chick spinal cord. The square brackets indicate the expression of Prox1in the
proliferating cells of the VZ, Prox1+/Sox2 + cells, exactly above the MN domain. B-D, Double immunostaining of Prox1 (green)
and Nkx6.1 (red; B) and in situ hybridizations for Olig2 (€) and /rx3 (D) on adjacent cryosections from HH stage 18 chick spinal cord.
The square brackets indicate the Prox1+ cells in p2 domain (Nkx6.1+, Olig2—, and Irx3+). E-H, Double immunostainings of
Prox1 (green) and Chx10 (red; E, F) or Gata3 (red; G, H ) in HH stages 24 (E, G) and 29 (F, H) chick spinal cord. The arrows indicate
cells that coexpress Prox1 and the V2a interneuron marker, Chx10, or the V2b marker, Gata3. The partial colocalization could be
explained by the previous observations that Prox1 expression is downregulated before acquisition of terminal neuronal identity in
spinal cord interneurons (Misra et al., 2008; Kaltezioti et al., 2010). I, Double immunostaining of Prox1 (green) and Sox2 (red) in
E10.5 mouse spinal cord. The square brackets indicate the expression of Prox1 in the proliferating cells of the VZ, Prox1+/Sox2 +
cells, exactly above the MN domain. J, Double immunostaining of Prox1 (green) and Ki67 (red) in E10.5 mouse spinal cord. The
square brackets indicate the expression of Prox1 in the proliferating cells of the VZ, Prox1+/Ki67 + cells, exactly above the MN
domain. K, Triple Prox1 (green), Nkx6.1 (blue), and Olig2 (red) immunostaining in E10.5 mouse spinal cord. The square brackets
indicate the Prox1+ cells in p2 domain (Nkx6.1+ and Olig2—). L, Triple Prox1 (green), Nkx6.1 (blue), and Nkx6.2 (red) immu-
nostaining in E10.5 mouse spinal cord. The square brackets indicate the Prox1+ cells in p2 domain (Nkx6.1+ and Nkx6.2—).
M-0, Double immunostaining of Prox1 and Chx10 (M), Gata3 (), or Sox1 (0) in E10.5 or E11.5 mouse spinal cords, as indicated.
The arrows indicate the cells that coexpress Prox1and Chx10 (V2a), Gata3 (V2b), and Sox1 (V2c). The partial colocalization could be
explained by the previous observations that Prox1 expression is downregulated before acquisition of terminal neuronal identity in
spinal cord interneurons (Misra et al., 2008; Kaltezioti et al., 2010). P, In the schematic diagram, we summarize the experimental
data showing that Prox1 is expressed in the p2 domain of VZ. Scale bars: 50 pm.
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development (Fig. 1). Most impor-
tantly, Proxl expression is largely ex-
cluded from Olig2+ cells. Thus, Prox1
and Olig2 costainings in developing
chick and mouse neural tube revealed
that Olig2 expression appears first at
early developmental stages (Fig. 1
A,E]I) and then Prox1 expression fol-
lows at a slightly later stage (Fig. 1). Few
double-positive cells are observed in the
boundaries between pMN and p2 do-
mains (Fig. 1F-H, ], K, arrows). Olig2 is
a key player in this specification deci-
sion by inducing the pMN fate (Mizu-
guchi et al., 2001; Novitch et al., 2001;
Takebayashi et al., 2002; Lee et al., 2005;
Briscoe and Novitch, 2008). Therefore,
Olig2 might be initially expressed in na-
ive progenitors that have not yet been
engaged in a specific lineage, and upon
V2 specification Proxl is expressed in
these progenitors to suppress Olig2
expression, inhibit MN identity, and al-
low V2 interneuron specification. To
initially test this scenario, we perfor-
med lineage-tracing experiments using
Olig2“™"* knock-in mice in which one al-
lele of Olig2 is replaced with the Cre re-
combinase gene (Fig. 2A; Wu et al., 2006;
Dessaud et al., 2007, 2008, 2010; J. A.
Chen et al., 2011). First, by analyzing
Olig2“™*;ROSA26-loxP-STOP-loxP-RFP
embryos at E8.5, we demonstrated that
RFP is only detected in Olig2+ cells and
confirmed that Prox1 is not expressed at
this stage (Fig. 2B), while on E10.5 RFP is
also detected in Olig2-/Nkx6.1+ cells of
the p2 progenitor domain dorsally to
PMN (Fig. 2C), supporting previous re-
ports that suggest Olig2 is transiently ex-
pressed in a subset of p2 progenitors
during spinal cord development (Wu et
al., 2006; Dessaud et al., 2007, 2008, 2010;
J. A. Chen et al., 2011). Second, we were
able to detect Prox1+/RFP+ cells exactly
above the pMN domain (Fig. 2 D, E), indi-
cating that Prox1 is indeed expressed in
progenitor cells that have previously ex-
pressed Olig2. Together, these results sug-
gest that Olig2 is transiently expressed in a
subset of ventral progenitors that will later
become Prox1+, downregulate Olig2, and
acquire p2 fate. Moreover, this scenario is
consistent with the previously reported
data indicating that a common pool of na-
ive progenitors appears early in develop-

cells, acts to suppress proliferation and induce generic aspects
of early neuronal differentiation in the interneuron lineage
(Misra et al., 2008; Kaltezioti et al., 2010). In contrast, in the
ventral spinal cord the pattern of Prox1 expression is signifi-
cantly different. In particular, Prox1 is not detected in the
majority of progenitor and postmitotic MNs in chick and
mouse neural tube during neurogenic phase of embryonic

ment that will then be segregated into separate lineages, either
MN or V2 interneuron (Wu et al., 2006; Dessaud et al., 2007,
2008, 20105 J. A. Chen et al., 2011).

In agreement with this scenario, cells exactly above the MN
domain express Prox! into the zone of highly proliferating pro-
genitors of the VZ in both chick and mouse spinal cord (Figs. 1,
3A,LJ). These Proxl+ cells, by striking contrast to all other
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Prox1+ cells along the dorsoventral axis,
indicate characteristics of mitotic VZ pro-
genitor cells (Sox2+ or Ki67+; Fig.
3 A, L], brackets), probably marking a cell
population that corresponds to V2 pro-
genitors (p2 domain). We confirmed this
notion by showing that Prox1+ cells in
the VZ are Nkx6.1+, Irx3+, and Olig2—
in the early chick spinal cord, indicating
the expression of Proxl in p2 domain
(Fig. 3B-D). Furthermore, double immu-
nostainings during later stages for endog-
enous Proxl and Chx10 or Gata3,
markers for postmitotic V2a and V2b in-
terneurons, respectively, showed partial
colocalization with both markers in the
border between VZ and MZ, suggesting
that Prox1 is expressed in the lineages of
V2a and V2b interneurons (Fig. 3E-H ).
Similarly, in the mouse spinal cord,
Prox1+ cells are Nkx6.1+, Olig2—, and
Nkx6.2— (a marker for pl domain) in the
VZ (Fig. 3K,L, brackets), as well as
Chx10+ (V2a), Gata3+ (V2b), and
Sox1+ (V2c¢) in the MZ (Fig. 3M-0). By
measuring the number of dorsal Prox1+/
Nkx6.1+/Olig2— cells versus total dorsal
Nkx6.1+/Olig2 — cells (p2 progenitors), we
concluded that Proxl is expressed in the
74.5 = 8.9% (n = 5) of p2 progenitors at
E10.5. These observations indicate that
Proxl is expressed in V2 lineage (p2 and
V2 domains) and largely excluded from
pl domain and MN lineage (pMN and
MN domains; Fig. 3P). Collectively, these
data lead to the intriguing hypothesis that
Prox1 may negatively regulate Olig2 gene
expression to suppress MN identity and
promote V2 interneuron differentiation.

Prox1 directly suppresses Olig2

gene expression

To explore this hypothesis, we used an in
vitro culture system using NPCs derived
from embryonic mouse spinal cord (Poli-
tis et al., 2007b; Kaltezioti et al., 2010).
Similar to the in vivo situation (Fig. 1E-L),
endogenous Prox1 expression is excluded
from Olig2 + NPCs (Fig. 4A—C). Most sig-
nificantly, forced expression of Prox1 in
NPCs was sufficient to block Olig2 ex-
pression in a cell-autonomous manner

Kaltezioti et al. ® Prox1 Controls Olig2 and Motor Neuron Fate

Prox1 / Olig2 / DAPI

mouse
NPCs

F 1, Olig2+ Index

*k%k

GFP electr. Prox1 electr.

w
=3

% of Transgene+;0lig2+/
total Transgene+ cells
3 S

Transgene/Olig2/DAPI

GFP
electr.

Prox1
electr.

shProx1
Lenti-GFP
JHIAON

shSCR

| Olig2+ Index

J olig2 mRNA
IAl

*
50 —

N

Fold of Expression

GFP / Olig2 / DAPI

% of GFP+;0lig2+/total GFP+ cells

o 0
shSCR shProx1 shSCR shProx1

Prox1+ Index
* k%
—

Transgene / Prox1 / DAPI
% of Transgene+;Prox1+/
total Transgene+ cells

GFP Olig2

Figure 4.  Prox1 is sufficient and necessary for proper regulation of Olig2 expression in NPCs derived from mouse spinal cord.
A—C, Double Prox1 (green) and Olig2 (red) immunostaining of NPCs isolated from E12.5 mouse spinal cord and cultured in vitro. The
Prox1+/0lig2 — cells are indicated with arrows. D, E, Double GFP/0lig2 (D) and Flag/Olig2 (E) immunostainings of mouse NPCs
electroporated with GFP or ProxT, respectively. Prox1 was detected with the anti-Flag antibody. Arrows indicate the transgene-
positive cells. F, Quantification of the transgene + cells that are Olig2 + (percentage of transgene +;0lig2 + /total transgene +).
**¥*p << 0.001 (ttest), n = 5. G, H, Double GFP/0lig2 immunostainings of mouse NPCs infected with lentiviruses overexpressing
GFP and either scramble shRNA (shSCR, G) or shRNA targeting murine Prox1 (shProx1, H ). The efficiency of shProx1 vector has been
previously shown (Foskolou et al., 2013). /, Quantification of the GFP+ cells that are Olig2 + in NPCs infected with GFP-shSCR or
GFP-shProx1 lentiviruses, as indicated (percentage of GFP +;0lig2 + /total GFP+). *p << 0.05 (¢ test), n = 5.J, Real-time RT-PCR
analysis for Olig2 gene expression in mouse NPCs infected with GFP-shSCR or GFP-shProx1 lentiviruses, as indicated, *p << 0.05 (t
test), n = 5. K, L, Double GFP/Prox1 (K) or myc/Prox1 (L) immunostainings of mouse NPCs electroporated with GFP or Olig2
(carrying the myc tag), respectively. Double-positive cells are indicated with the white arrows. M, Quantification of transgene +
cells that are Prox1+ (percentage of transgene + ;Prox1+/total transgene +) in NPCs electroporated with GFP or Olig2. ***p <
0.001 (t test), n = 4. Scale bars: A-C, 20 wm; D, E, 10 wm; G, H, K, L, 50 um.

(Mazzoni et al., 2011), which additionally supports our hypoth-

(GFP: 31.3 = 1.4 vs Prox1: 3.8 £ 1.2, n = 5, p < 0.001; Fig.
4D-F). Conversely, shRNA-mediated knock-down of Prox! in-
creased the percentage of Olig2+ cells (shControl: 32.9 = 1.8 vs
shProx1: 43.4 = 2.0, n = 5, p < 0.05) and Olig2 mRNA expres-
sion (shControl: 1 = 0.18 vs shProx1: 1.9 + 0.53,n = 5, p < 0.05;
Fig. 4G-J). On the other hand, Olig2 overexpression strongly
repressed Prox1 expression (GFP: 14.0 * 2.4 vs Olig2: 1.2 £ 0.5,
n =4, p < 0.001; Fig. 4K-M ). Moreover, previously published
ChIP-Seq data from another group suggest that Olig2 directly
interacts with the ProxI gene locus during MN differentiation

esis of a direct cross-inhibitory regulation.

We next investigated whether physiological levels of endoge-
nous Prox1 are sufficient to allow binding at the regulatory ele-
ments of Olig2 gene in vivo. Two basic DNA regulatory units have
been described for the murine Olig2 gene: the minimal 1.1 kb
promoter, which confers basal transcription activity independent
of the cellular context (C. T. Chen et al., 2008; Zhang et al., 2008),
and the K23 enhancer, located ~10 kb downstream of the gene
(Fig. 5A; Sun et al., 2006). K23 enhancer specifically directs the
expression of Olig2 in the MN lineage (Sun et al., 2006). By per-
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forming in vivo ChIP experiments using
chromatin prepared from spinal cords of
E12.5 mouse embryos, we showed that
endogenous Prox1 protein directly inter-
acts with the proximal 1.1 kb promoter
(aProx1: 0.126 * 0.013 vs algG: 0.012 =
0.009,n =4, p <0.001) and K23 enhancer
(aProx1: 0.098 = 0.009 vs algG: 0.022 *
0.005, n = 4, p < 0.01), but not with con-
trol sequences, including the distal 1.1 kb
promoter (aProx1:0.047 = 0.010 vs algG:
0.039 = 0.014, n = 4, n.s.: p > 0.05), the
very distal genomic region (vDistal, 64.8
kb upstream of Olig2; aProxl1: 0.032 *
0.013 vs algG: 0.024 = 0.017, n = 4, n.s.:
p > 0.05), and the 3’-end of Olig2 (3'-
UTR; aProxl1: 0.017 % 0.004 vs algG:
0.021 = 0.011, n = 4, n.s.: p > 0.05). Like-
wise, control IgGs were not able to precip-
itate the proximal 1.1 kb promoter or K23
enhancer, suggesting a specific and direct
interaction between Prox1 and Olig2 gene
regulatory elements (Fig. 5B).

To further evaluate these interactions,
we created a set of luciferase constructs
with 1.1 kb promoter and K23 enhancer
(Fig. 5C), and performed transcriptional
assays in NPCs and Neuro2A neuroblas-
toma (N2A) cells. First, by inserting the
1.1 kb promoter upstream of the lu-

<«

enhancer in chromatin prepared from the spinal cords of E12.5
mouse embryos. The immunoprecipitated DNAs from these
experiments were analyzed and quantified with real-time
gPCR assays. The primer pairs used are indicated with arrows
inA; **p << 0.01,***p << 0.001, n.s:p > 0.05 (ttest),n = 4.
C, Schematic representation of the five luciferase reporter con-
structs used for the transcriptional assays, including the mu-
rine 1.1 kb Olig2 promoter fused with luciferase (1.1 kb), SV40
promoter fused with luciferase (SV40), K23 enhancer up-
stream of the 1.1 kb (K23enh), and K23 enhancer upstream of
the SV40 (SV40-K23enh), as well as empty vector (PRless). D,
Transcriptional assays in NPCs, cotransfected with Prox1 (+)
or GFP (—) expression vectors and luciferase reporter con-
structs 1.1 kb or K23enh, represented in €, as indicated. For
both 1.1 kb and K23enh, **p < 0.01 (t test), n = 4. E, Tran-
scriptional assays in NPCs, cotransfected with Prox1 (+) or
GFP expression (—) vectors and luciferase reporter constructs
(SV40 or SV40-K23enh) represented in C, as indicated. For
SVA4Qreporter:n.s., p > 0.05 (t test), n = 4; for SV40-K23enh:
**%p < 0.001 (¢ test), n = 4. F, Transcriptional assays in
mouse NPCs cotransfected with K23enh and GFP, WT-Prox1,
ADBD-Prox1, or ARD-Prox1, as indicated. For both ADBD-
Prox1and ARD-Prox1 versus Prox1: **p << 0.01 (ttest) n = 4;
for both ADBD-Prox1 and ARD-Prox1 versus GFP: p > 0.1 (t
test), n = 4. In all luciferase experiments, data are repre-
sented as the mean = SD of quadruplicate assays. G, Tran-
scriptional assays in N2A cells transfected with various
promoter constructs as indicated in C. For 1.1 kb versus SV40,
**p < 0.01 (t test), n = 4. H, Transcriptional assays in N2A
cells cotransfected with PRless or 1.1 kb constructs and Prox1
(+) or GFP (—) expression vectors, respectively, as indicated.
For 1.1kb, ***p < 0.001 (t test), n = 4.
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Prox1is sufficient for the suppression of Olig2 gene expression and inhibition of MN generation in vivo. A, GFP/DAPI staining and in situ hybridization for 0lig2 in consecutive sections

48 ha.e. with Prox1/GFP, GFP alone, or Prox1/GFP and NICD. B, Quantitative analysis of the Olig2 + area using Image) software. The data are presented as percentage of the nonelectroporated side
of the spinal cord. For Prox1 versus GFP alone: ***p << 0.001 (¢ test), n = 5; for Prox1 versus Prox1+ NICD: n.s. p > 0.05 (t test), n = 5. All cases referred to the electroporated side. €, Schematic
representation of the GFP, Prox1, and Olig2 expression vectors. Note that 0lig2 is tagged with Myc epitope and thus can be detected with anti-Mycimmunostaining. D, Triple immunofluorescence
analysis on spinal cord section with GFP, Prox1, and Myc 48 h a.e. with Prox1/GFP/0lig2, as indicated. E, GFP/DAPI staining and in situ hybridization for ChAT in consecutive sections 48 h a.e. with
Prox1/GFP, GFP alone, Prox1/GFP and NICD, or Prox1/GFP and Olig2. F, Quantitative analysis of the ChAT+ area using ImageJ software. These data are presented as percentage of the nonelectro-
porated side of the spinal cord. For Prox1 versus GFP alone: **p << 0.01 (t test), n = 5; for Prox1 versus Prox1 + NICD: n.s. p > 0.05 (¢ test), n = 5; for Prox1 versus Prox1 + Olig2: **p < 0.01 (t
test),n = 5. All cases referred to the electroporated side. G, Double GFP/Islet1immunostainings in cryosections 48 h a.e. with Prox1/GFP, GFP alone, Prox1/GFP and NICD, or Prox1/GFP and Olig2.
H, Quantitative analysis of the number of Islet1+ MNs. These data are presented as percentage of cells of the nonelectroporated side of spinal cord. For Prox1 versus GFP: **p << 0.01 (t test), n =
5; for Prox1 versus Prox1 + NICD: n.s. p > 0.05 (¢ test), n = 5; for Prox1 versus Prox1 + Olig2: **p << 0.01 (t test), n = 5. All cases referred to the electroporated side. /, Double GFP/MNR2
immunostainings in cryosections 48 h a.e. with Prox1/GFP, GFP alone, Prox1/GFP and NICD, or Prox1/GFP and Olig2. J, Quantitative analysis of the number of MNR2 + MNs. These data are presented
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ciferase reporter gene, we confirmed its ability to confer strong
promoter activity in NPCs and N2A, compared with empty vec-
tor (PRless; Figs. 5D, G, respectively) or SV40, a strong viral pro-
moter (1.1kb: 1 = 0.09 vs SV40: 0.34 = 0.09, n = 4, p < 0.01; Fig.
5G). Most importantly, Prox1 was able to suppress the activity of
1.1 kb Luc construct in NPCs and N2A cells by 54.6% (GFP
control: 0.51 % 0.08 vs Prox1: 0.23 = 0.02, n = 4, p < 0.01) and
77.9% (GFP control: 1 = 0.09 vs Prox1: 0.22 £ 0.04,n = 4,p <
0.001), respectively (Fig. 5D,H). Second, by inserting the K23
enhancer upstream of the 1.1 kb, we showed that K23 is able to
further increase transcription of this promoter in NPCs, consis-
tent with an enhancer function. Notably, this activity was effi-
ciently blocked by Prox1 overexpression (GFP control: 1 = 0.05
vs Prox1: 0.15 £ 0.04, n = 4, p < 0.01; Fig. 5D). Similar repres-
sion by Prox1 was observed when K23 was fused with the SV40
minimal promoter instead of the 1.1 kb (GFP control: 1 * 0.2 vs
Proxl1: 0.27 = 0.15, n = 4, p < 0.001; Fig. 5E, right pair of col-
umns), whereas the control construct carrying only the SV40

minimal promoter remained unaffected (GFP control: 0.56 =
0.07 vs Prox1: 0.49 = 0.08, n = 4, n.s.: p > 0.05; Fig. 5E, left pair
of columns). Furthermore, deletion of either the DNA binding
domain (ADBD) or the repression domain (ARD), which is spe-
cifically required for the repressive function of Prox1 (Steffensen
et al., 2004; Kaltezioti et al., 2010), was sufficient to relieve the
Prox1-mediated suppression of K23 transcription activity in
NPCs (Proxl: 0.17 = 0.03 vs ADBD: 0.74 *= 0.2 and Proxl1:
0.17 = 0.03 vs ARD: 0.79 = 0.26, respectively; for both deletion
constructs n = 4, p < 0.01; Fig. 5F), indicating that these do-
mains are necessary for Prox1-mediated suppression of Olig2.

Ectopic expression of Prox1 suppresses Olig2 expression and
MN generation in vivo

To further evaluate the ability of Prox1 to suppress Olig2 in vivo,
we misexpressed Prox1 unilaterally in the chick neural tube by in
ovo electroporation. Accordingly, Proxl misexpression in the
PMN domain efficiently blocked the expression of Olig2 at the
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mRNA level 48 h after electroporation
(a.e.; Prox1: 25.3 = 12.8 vs GFP: 94.7 =
9.9,n =5, p < 0.001; Fig. 6A,B) or 24 h
a.e. (Proxl: 20.7 = 13.6 vs GFP: 92.6 =
17.1,n = 4, p <0.01; data not shown) and
proteinlevel 24 ha.e. (Prox1:18.7 £ 9.4 vs
GFP: 97.8 * 152, n = 4, p < 0.001; Fig.
8A,B). Consistent with this effect on
Olig2 and the fact that Olig2 is the master
regulator for MN generation (Mizuguchi
et al., 2001; Novitch et al., 2001; Take-
bayashi et al., 2002; Lee et al., 2005; Bris-
coe and Novitch, 2008), a strong
reduction in the number of MN’s was also
observed. In particular, a striking reduc-
tion in the expression of ChAT marker for
mature MNs by 49.9% was observed in the
ventral neural tube of Prox1-electroporated
embryos 48 h a.e., compared with control
GFP-electroporated ~ embryos  (Proxl:
48.8 = 7.3 vs GFP:97.5 X 89, n =5,p <
0.01; Fig. 6 E,F). A concomitant reduction
in the expression of earlier markers in the
MN lineage was also evident, including the
transcription factors Isletl and MNR2 by
58.3% (Prox1: 40.3 = 6.3 vs GFP: 96.7 =
7.6, n =5, p < 0.01) and 55.4% (Proxl:
423 = 53vs GFP: 948 =59, n=5,p <
0.01), respectively (Fig. 6G-J). In addition,
no evidence of apoptosis was observed 48 h
a.e. in the neural tube or specifically in the
PMN or MN domain (Kaltezioti et al., 20105
data not shown), excluding the possibility
that cells were depleted due to an apoptotic
effect of Prox1. These observations suggest
that Prox1 is sufficient to suppress the gen-
eration of MNGs via its ability to repress Olig2
expression. To exclude the possibility that
this effect is mediated by the negative action
of Prox1 on Notchl signaling (Kaltezioti et
al., 2010), since genetic inactivation of
Notchl from NPCs suppresses MN identity
and induces V2 (Yang et al., 2006), we per-
formed co-overexpression experiments
with the constitutively active intracellu-
lar domain of mammalian Notchl
(NICD). Thus, coexpression of NICD was
not sufficient to rescue the effect of Prox1
on MN generation (for ChAT, Proxl-
NICD: 43.2 * 6.8 vs Prox1:48.8 = 7.3; for
Isletl, Prox1-NICD: 46.6 = 5.1 vs Prox1:
40.3 * 6.3; for MNR2, Prox1-NICD:
52.9 * 5.9 vs Proxl: 42.3 =® 5.3; for all
markers n = 5 and n.s.: p > 0.05; Fig.
6E—]). On the contrary, coexpression of
Olig2 was sufficient to rescue the negative
action of Proxl in MN generation (for
ChAT, Prox1-Olig2: 105.1 = 20.7 vs
Prox1:48.8 = 7.3; for Islet1, Prox1-Olig2:
108.1 * 13.5 vs Proxl: 40.3 *= 6.3; for
MNR2, Prox1-Olig2: 112.6 * 15.1 vs
Prox1: 42.3 * 5.3; for all markers n = 5
and p < 0.01; Fig. 6C,D,E-]), indicating
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Furthermore, to test whether these in
vivo actions of Proxl are mediated
through its ability to regulate Olig2 tran-
scription, we used the ADBD-Prox1 over-
expression construct in chick neural tube.
In good agreement with the transcrip-
tional assays in ex vivo cultured NPCs
(Fig. 5F), misexpression of the ADBD-
Prox1 in the chick neural tube was not
able to recapitulate the effect of WT-
Prox1 (Fig. 7). Specifically, the mutant
Prox1 version could not suppress Olig2
gene expression (ADBD Prox1:94.9 = 5.1
vs Prox1:25.3 £ 12.8,n =3 and p <0.01;
Fig. 7C,D) or MN identity (for ChAT,
ADBD Prox1:97.7 £ 7.3 vs Prox1: 48.8 =
7.3; for Isletl, ADBD Prox1: 94.9 = 4.9 vs
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Figure 9.

that Prox1-mediated suppression of Olig2 is responsible for the
negative effect of Proxl on MN generation. Additionally, coex-
pression of NICD was not sufficient to rescue the effect of Prox1
on repressing Olig2 (Prox1-NICD: 34.7 = 9.9 vs Proxl1: 25.3 *
12.8, n = 5; n.s.: p > 0.05; Fig. 6A,B), excluding an action of
Proxl on Olig2 via its ability to counteract Notchl signaling.
Collectively, this evidence suggests that Prox1 inhibits MN gen-
eration via Olig2 repression.

J Olig2+ Cells (HH st 18)

Prox1 is necessary for the suppression of Olig2 gene expression in vivo. A, Schematic representation of the shRNA-
based constructs used in this study. GFP under the control of chick B-actin promoter was also included to follow expression of the
shRNA. B, GFP/DAPI staining and in situ hybridization for cProx7 gene in consecutive sections 48 h a.e. with shProx1. C, Double
GFP/ProxTimmunostaining 24 h a.e. with shProx1. D, GFP/DAPI staining and in situ hybridization for Olig2 in consecutive sections
48 ha.e. with shProx1 or shControl. Arrows in the micrograph indicate the dorsal expansion of Olig2 expression area toward the p2
domain compared with nonelectroporated side. £, The micrograph in Bis a larger magnification of the Olig2 expression domain in
D. F, Quantitative analysis of the Olig2+ area using Image) software. These data are presented as percentage of the nonelectro-
porated side of the spinal cord. For shProx1 versus shControl, *p << 0.05 (t test), n = 5 embryos. All cases referred to the
electroporated side. G—I, Double GFP/0lig2 immunostainings in cryosections 24 h a.e. with shProx1 (G, H) or shControl (/) and
analysis at HH stage 17 (G) or HH stage 18 (H, I). Arrows in the micrograph indicate the dorsal expansion of Olig2 expression area
toward the p2 domain compared with nonelectroporated side. J, Quantitative analysis of the number of Olig2 + progenitor cells.
These data are presented as percentage of cells of the nonelectroporated side of the spinal cord. For shProx1 versus shControl, *p <
0.05 (¢ test), n = 5 embryos. All cases referred to the electroporated side. Scale bars: A: 50 pm.

all markers n = 3 and p < 0.01; Fig. 7E-]),
further showing that the Prox1 effect on
Olig2 and MNs is achieved via its ability to
regulate transcription.

We then wanted to investigate whether
Prox1 affects the expression of other pro-
genitor markers in a manner similar to
Olig2. Considering the strong prodiffer-
entiation effect of Prox1 on NPCs (Misra
et al., 2008; Kaltezioti et al., 2010), we ex-
pected a reduction in the expression of all

* [CINon-electroj
porated .
e these markers. However, the question that
i3 . Electroporated
N=5 embryos we sought to answer was whether this re-

duction is similar to that of Olig2. For this
reason, we performed our analysis in the
early time point of 24 a.e. to minimize the
effect of Prox1 on inducing neuronal dif-
ferentiation, which is evident at 48 h a.e.
(Misra et al., 2008; Kaltezioti et al., 2010).
As expected, Prox1 was sufficient to re-
press the expression of all markers tested,
including Nkx6.1 (Prox1: 59.8 = 11.5 vs
GFP: 95.3 = 132, n = 4, p < 0.05; Fig.
8C,D), Pax6 (Proxl: 65.5 = 15.8 vs GFP:
93.7 + 11.4, n = 4, p < 0.05; Fig. 8E, F),
Irx3 (Fig. 8G), Pax7 (Prox1: 63.5 * 14.1vs
GFP: 95.7 + 11.3, n = 4, p < 0.01; Fig.
8H,I), and Pax3 (Proxl: 57.2 = 10.9 vs
GFP: 90.2 = 6.5, n = 4, p < 0.05; Fig.
8],K). Interestingly, the ability of Prox1
to repress Olig2 expression was much
more striking compared with all other
markers in the same experimental system
(ProxlI: 18.7 = 9.4 vs GFP: 97.8 + 15.2,
n=4,p<0.001; Fig. 8 A, B). In particular,
the Proxl-mediated reduction of Olig2
was 80.8% compared with 37.2% for Nkx6.1, 30.1% for Pax®6,
33.7% for Pax7, and 36.6% for Pax3, suggesting a distinct mode
of action of Prox1 on Olig2. In accordance with these observa-
tions, we were able to identify double GFP+/Nkx6.1+ cells and
GFP+/Pax6+ cells but not double GFP+/Olig2+ cells in the
same sections after Prox1 electroporation (Fig. 8 L, M, arrow-
heads). Overall, these data further corroborate and support a
direct effect of Prox1 on Olig2 gene regulation.
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Prox1 expression is necessary for
suppression of Olig2 expression and
MN identity in the spinal cord

We next examined the requirement of
Prox1 for suppressing Olig2 expression
and MN generation. To inhibit ProxI ex-
pression, we used a previously published
set of sShRNA vectors (Kaltezioti et al,,
2010; Das et al., 2006). The effective
knock-down of endogenous chick ProxI
in the neural tube by these vectors has
been previously assessed (Kaltezioti et al.,
2010) and verified here (Fig. 9A-C). Con-
versely to overexpression experiments,
shRNA-mediated knockdown of Proxl
caused an expansion in Olig2 expression
domain toward the dorsal area of V2 pro-
genitors, either 48 h a.e. (shProxl1: 131 =
10.9 vs shControl: 97.6 = 9.9,n =5,p <
0.05; Fig. 9D-F) or 24 h a.e. (shProxl1:
121.2 = 7.6 vsshControl: 94.2 + 10.4,n =
5, p < 0.05; Fig. 9G-J). This effect was
specific for Prox1 depletion since a con-
trol nontargeting construct did not alter
the expression of Olig2 (Fig. 9D-F,L,]).
Consistently, knock-down of ProxI
clearly enlarged the expression domain of
ChAT in the ventral spinal cord by 37.4%
compared with shControl (shProxI:
127 * 9.9 vs shControl: 92.4 = 129, n =
5, p < 0.05; Fig. 10A,B). Moreover, the
numbers of ventral Isletl+ and MNR2+
cells were increased upon Prox1 ablation
by 34.6% (shProx1: 126.7 = 4.6 vs shCon-
trol: 94.1 = 3.3, n = 5, p < 0.05) and
36.8% (shProx1: 129.4 = 6.6 vs shContol:
94.6 = 4.7, n = 5, p < 0.05), respectively
(Fig. 10C-F), indicative of a positive effect
on the generation of MNs. Conversely, the
number of dorsal Isletl+ cells that com-
prise a cell population of dorsal interneu-
rons (dI3) was strongly reduced by 52%
(shProx1:45.8 * 7.6 vs shControl: 95.5 =
9.3, n = 5; p < 0.01) in the same sections
(Fig. 10C, arrow), suggesting that the
shProx1-mediated induction in the num-
bers of MNis is specific for this neuronal
lineage. To exclude off-target effects, the Prox1-shRNA construct
was co-electroporated with a rescue construct containing the
murine Prox1 coding sequence, which is not targeted by the chick
Prox1-shRNA sequence (Fig. 11A-C; Kaltezioti et al., 2010). Co-
expression of murine Prox1 was sufficient to block the ProxI-
shRNA-mediated induction of Olig2 (shProx1-mProxl1: 53.5 *
8.6 vs shProx1: 131 = 10.9, n = 4, p < 0.01) and MN markers,
ChAT (shProx1-mProx1:56.1 = 7.2 vsshProx1: 127 = 9.9, n = 4,
p < 0.01), Isletl (shProxl-mProxl: 62.1 * 3.9 vs shProxl:
126.7 = 4.6, n = 4, p < 0.01), and MNR2 (shProx1-mProx1:
58.7 = 4.2 vsshProx1:129.4 = 6.6, n = 4, p < 0.01; Fig. 1 1D-M).
Instead, we were now able to revert these phenotypes by sup-
pressing the expression of Olig2 or MN markers. Collectively,
these observations imply that Prox1 is required for the correct
specification of MN identity in the ventral spinal cord. Interest-
ingly, the expansion of Olig2 expression or MN domain upon
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Prox1 is necessary for the inhibition of MN generation. A, GFP/DAPI staining and in situ hybridization for ChAT in
consecutive sections 48 ha.e. with shProx1 or shControl vectors. B, Quantitative analysis of the ChAT+ area using ImageJ software.
These data are presented as percentage of the nonelectroporated side of the spinal cord. For shProx1 versus shControl, *p << 0.05
(ttest), n = 5 embryos. All cases referred to the electroporated side. C, E, Double GFP/Islet1 (C) and GFP/MNR2 (E) immunostain-
ings in cryosections 48 ha.e. with shProx1 or shControl. The arrow in Cindicates the Islet1 +interneurons in the dorsal part of chick
spinal cord. D, F, Quantitative analysis of the number of Islet1+ MNs (D) and MNR2+ MNSs (F). These data are presented as
percentage of cells of the nonelectroporated side of the spinal cord. For Islet1+ MNs: shProx1 versus shControl, p << 0.05 (¢ test),
n = 5 embryos; for MNR2+ MNs: shProx1 versus shControl, *p << 0.05 (t test), n = 5 embryos. All cases referred to the
electroporated side. Scale bars: 75 um.

depletion of Prox1 was restricted to the ventral spinal cord, sug-
gesting a limited misspecification, probably at the expense of V2
lineage.

Prox1 depletion inhibits p2 progenitors and V2 interneuron
generation in vivo

To investigate this possibility, we first tested whether the expan-
sion of Olig2 expression domain is accompanied with reduction
of p2. Accordingly, Prox1 knock-down caused a concomitant
contraction of the ventral boundaries of Pax6 and Irx3 expression
domains (Fig. 12A—C), which correspond to the boundary be-
tween p2 and pMN (Fig. 12A). These results are in accordance
with the observation that Olig2 exerts inhibitory regulation on
Irx3 and Pax6 (Ericson et al., 1997; Briscoe et al., 1999, 2000;
Mizuguchi et al., 2001; Novitch et al., 2001; Briscoe and Novitch,
2008). Moreover, the boundaries of more dorsal domains, in-
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Figure 11.  Rescue of the shRNA-Prox1-mediated induction of Olig2 expression and MN generation by murine Prox1. 4, Sche-
matic representation of the shProx1and murine Prox1 expression vectors. Note that shProx1 can be detected with GFP and murine
Prox1 is tagged with 6xHIS epitope, and thus can be detected with anti-HIS immunostaining. B, C, Double GFP/HIS immunostain-
ing 48 h after co-electroporation of shProx1and murine Prox1 constructs. Note that murine Prox1 is distributed in the same cells as
the shProx1 construct. DI, Double immunostainings for GFP/Islet1 (D, 6) and GFP/MNR2 (H, 1), and in situ hybridizations for Olig2
(E) and ChAT (F), in consecutive sections 48 h a.e., with shProx1 and murine Prox1 constructs. J, K, Quantitative analysis of the
0lig2+ (J) and ChAT+ (K) areas presented in Eand F, respectively, using ImageJ software. These data are presented as percentage
of the nonelectroporated side of the spinal cord. The data for shProx1 electroporations are as in Figure 9F (Olig2) and Figure 108
(ChAT), and are presented here for comparison. For Olig2+ area (E), shProx1 + mProx1 versus shProx1, **p << 0.01 (t test);
shProx1 -+ mProx1 versus GFP, **p < 0.01 (¢ test), n = 4 embryos. For ChAT+ area (F), shProx1 + mProx1 versus shProx1,
**p <0.01 (t test); shProx1 + mProx1 versus GFP, **p << 0.01 (¢ test), n = 4 embryos. All cases referred to the electroporated
side. L, M, Quantitative analysis of the number of Islet1+ MNs (L) and MNR2+ MNs (M) presented in G and /, respectively. These
data are presented as percentage of the nonelectroporated side. The data for shProx1 electroporations are as in Figure 10D (Islet1)
and F (MNR2), and presented here for comparison. For Islet+ MNSs (L), shProx1 + mProx1 versus shProx1, **p << 0.01 (t test);
shProx1 + mProx1 versus GFP, **p << 0.01 (t test), n = 4 embryos. For MNR2+ MNs (M), shProx1 + mProx1 versus shProx1,
*%p <0.01 (t test); shProx1 + mProx1 versus GFP, **p << 0.01 (¢ test), n = 4 embryos. All cases referred to the electroporated
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tivity of 1.1 kb and K23 transcription reg-
ulatory elements. Through this action,
Prox1 controls binary fate decisions be-
tween MNs and V2 interneurons in the em-
bryonic spinal cord (Fig. 13).

Discussion

Asymmetric divisions of NPCs during de-
velopment create a hierarchy of differen-
tiation decisions between alternative
neural fates. Regulatory networks of tran-
scription factors play a fundamental role
in these specification events by suppress-
ing the activation of genetic programs
specifying alternative cell fates (Briscoe et
al., 2000; Jessell, 2000; Marquardt and
Pfaff, 2001; Briscoe and Novitch, 2008;
Dessaud et al., 2010; Balaskas et al., 2012).
Accordingly, Olig2 specifies MN identity
in the ventral spinal cord by suppressing
the genetic program for V2 interneurons
(Lu et al., 2002; Zhou and Anderson,
2002). Interestingly, lineage-tracing ex-
periments suggest that Olig2 is initially
expressed in progenitor cells that will later
generate not only MNs but also V2 in-
terneurons (Fig. 2A—C; Dessaud et al.,
2010; J. A. Chen et al,, 2011), indicating
that another repressor(s) acts to suppress
Olig2 and allow V2 specification. Here, we
show that Prox1 accomplishes this action
by directly interacting with the regulatory
elements of Olig2 gene in vivo. Moreover,
physiological levels of endogenous Prox1
are critical for the negative regulation of

side. Scale bars: 100 m.

cluding the dorsal boundary of Pax6 and ventral boundary of Pax7
(pDorsal/p0, Fig. 12A) were not affected (Fig. 12 B, D, arrows, re-
spectively), proposing a specific effect in the ventral spinal cord. We
also investigated whether the p1/p2 and pMN/p3 boundaries were
affected by using Nkx6.1 and Nkx2.2 markers, respectively (Fig.
12A). Prox1 depletion was not able to alter the dorsal boundary of
Nkx6.1 and Nkx2.2 expression domains (Fig. 12E, F), indicating
that the expansion of pMN is not extended to the p1 or p3 domains.
Therefore, in agreement with the observation that Prox1 is strongly
expressed in the p2 domain and not in p1, pMN, or p3 (Fig. 3P), we
conclude that Prox1 depletion specifically mis-specifies MN progen-
itors at the expense of V2 progenitors.

As a result, the number of mature V2 interneurons was re-
duced upon Prox1 knock-down. In particular, a strong reduction
in the number of cells that express the postmitotic V2 markers,
Gata2 (early V2 and V2b; shProx1: 40.9 = 0.9 vs shControl:
95.7 £ 1.9,n =4,p <0.01), Gata3 (V2b; shProx1: 52.4 £ 3.3 vs
shControl: 92.8 = 3.6, n = 4, p < 0.01), and Chx10 (V2a;
shProx1: 36.2 = 3.3 vs shControl: 94.1 * 1.7, n = 4, p < 0.01),
was observed (Fig. 12G-L). Furthermore, knock-down of ProxI
reduced the expression of Lhx1/5 (shProx1: 43.8 = 2.4 vs shCon-
trol: 95.2 * 4.3, n = 4, p < 0.01), a general marker for interneu-
rons (Fig. 12M,N), especially in the ventral most domain of
Lhx1/5 expression, where V2 interneurons reside.

In conclusion, our observations indicate that Prox1 is a critical
regulator of Olig2 gene expression by directly inhibiting the ac-

Olig2 gene expression in vitro and in vivo.

Most importantly, we present functional

evidence that Prox1 exerts a repressive ac-
tion in Olig2 transcription specifically at the boundaries between
PMN and p2 during spinal cord development. This function is
sufficient and necessary for the proper regulation of binary fate
decisions between MNs and V2 interneurons. Therefore, we sug-
gest that Prox1-mediated suppression of Olig2 in p2 blocks MN
specification and allows induction of the genetic program for V2
differentiation (Fig. 13). Consistent with this molecular mecha-
nism, genetic ablation of Olig2 in mouse spinal cord results in the
ventral expansion of Pax6 and Irx3 expression domains toward
PMN and increases the V2 interneurons, which also expand into
the MN domain without affecting the Nkx2.2 domain (p3) or the
numbers of V3 interneurons (Lu et al., 2002; Takebayashi et al.,
2002; Zhou and Anderson, 2002; Li et al., 2011). Conversely,
ectopic expression of Olig2 in the chick neural tube suppresses
Pax6 and Irx3 expression and V2 interneuron generation and
induces ectopic MNs only into V2 domain (Mizuguchi et al.,
2001; Novitch et al., 2001; Lu et al, 2002). All these Olig2-
mediated effects in p2 are faithfully recapitulated by Prox1
knock-down (Fig. 13, bottom), further supporting our mecha-
nistic model for Prox1 action in the ventral spinal cord via Olig2
suppression.

Consistently, Olig2 overexpression is able to suppress endog-
enous ProxI in mouse NPCs (Fig. 4K—M) and chick spinal cord
(Misra et al., 2008), suggesting a cross-inhibitory regulatory in-
teraction between these factors. In agreement, Prox1 and Olig2
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Figure 12.  Prox1 expression in p2 domain is required for the proper acquisition of p2 progenitor identity and V2 interneuron generation. A, Schematic diagram of the wild-type expression pattern of
progenitor markers in ventral spinal cord. The p2 and pMN are marked with orange color to indicate that the boundary between these domains is affected by shProx1. B, Double GFP/Pax6 immunostainings in
cryosections 48 h a.e. with shProxT (top) or shControl (bottom). The square bracket indicates the contraction of ventral boundary of Pax6+ domain in the shProx1 electroporated side. Conversely, the arrow
indicates the dorsal boundary of Pax6 -+ domain, which remains unaffected under the same conditions. , GFP/DAP! staining and in situ hybridization for /rx3 in consecutive sections 48 h a.e. with shProx1 (top)
or shControl (bottom). The square bracket indicates the contraction of ventral boundary of /rx3+ domain. D, Double GFP/Pax7 immunostaining in cryosection 48 h a.e. with shProx1. The arrow indicates the
ventral boundary of Pax7+ cells, which remains unaffected. £, Double GFP/Nkx6.1 immunostaining in cryosection 48 h a.e. with shProx1. The arrow indicates the dorsal boundary of Nkx6.1+ cells, which
remains unaffected. F, Double GFP/Nkx2.2 immunostaining in cryosection 48 h a.e. with shProx1. Note that the domain of Nkx2.2+ cells (p3) is not affected by shProx1. G, GFP/DAPI staining and in situ
hybridization for Gata2 in consecutive sections 48 h a.e. with shProx1 (top) or shControl (bottom). H, Quantitative analysis of the Gata2+ area using Imagel. For shProx1 versus shControl, **p << 0.01 (¢ test),
n = 4 embryos. All cases referred to the electroporated side. /, GFP/DAPI staining and in situ hybridization for Gata3 in consecutive sections 48 h a.e. with shProx1 (top) or shControl (bottom). J, Quantitative
analysis of the Gata3+ area using ImageJ. For shProx1 versus shControl, **p << 0.01 (t test), n = 4 embryos. Al cases referred to the electroporated side. K, M, Double GFP/Chx10 (K) and GFP/Lhx1/5 (M)
immunostainings in cryosections 48 h a.e. with shProx1 (top) or shControl (bottom). L, N, Quantitative analysis of the number of Chx10-+ (L) and Lhx1/5+ cells (N). For Chx10+ cells: shProx1 versus shControl,
**p < 0.01 (ttest), n = 4 embryos; for Lhx1/5+ cells: shProx1 versus shControl, **p << 0.01 (¢ test), n = 4 embryos. All cases referred to the electroporated side. The square brackets indicate the domains of
Gata2+ (G), Gata3+ (/), and Chx10+ (K) V2 interneurons, as well as Lhx1/5+ V2 interneurons (M), which are strongly reduced after shProxT1 electroporation. Scale bars: 50 m.

are expressed in a complementary manner in the developing  2011) that will later express Prox1 and generate cell types of the
mouse and chick spinal cord (Fig. 1). However, during earlier = V2 interneuron lineage (Figs. 1, 2). These data are consistent with
stages of neuronal development Olig2 is transiently expressedina  the scenario that during the hierarchy of differentiation Olig2 is
subset of naive progenitors (Dessaud et al., 2010; J. A. Chenetal.,  expressed first in naive progenitors of p2 and pMN domains and
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Schematic representation of our proposed model for the role of Prox1in p2/pMN boundary specification. During the early stages of ventral spinal cord development a subset of naive

progenitors are generated that will later give rise to either V2 interneurons or MNs (Wu et al., 2006; Dessaud et al., 2007, 2008, 2010; J. A. Chen et al., 2011). A cross-inhibitory transcriptional
regulation between Prox1and Olig2 determines the V2 or MN cell fate by refining the p2/pMN boundary. In the dorsal-most progenitors, Prox1 expression is sustained to suppress Olig2, inhibit MN
generation, and promote V2 identity (Chx10+, Gata2 +, Gata3+, and ventral Lhx1/5+). Conversely, in the ventral-most progenitors, Olig2 expression is sustained to repress Prox1, block V2
identity, and allow MN specification (ChAT+). Consistent with this model, upon shRNA-mediated knock-down of Prox1 (shProx1), its inhibitory effect on Olig2 is alleviated and the expression

domain of Olig2 (pMN) is dorsally expanded at the expense of p2.

then Prox1 is induced in p2 progenitors to downregulate Olig2
and promote V2 identity. Thereby, we propose here that the
cross-inhibitory regulation between Prox1 and Olig2 plays a crit-
ical role in the specification and boundary refinement of these
two distinct neuronal subtypes (Fig. 13). Considering the role of
sonic hedgehog (Shh) in inducing the expression of Olig2 (Lu et
al., 2000; Briscoe and Novitch, 2008), an interesting question
arising from this cross-inhibitory regulation is whether Shh sig-
naling affects the expression of Prox1. Although it is tempting to
speculate that Shh may negatively affect Prox1 expression and
therefore participate in the Shh-mediated transcriptional code
for ventral neural tube patterning, we believe that this possibility
is quite unlikely. Specifically, the expression pattern of Prox1 is
not consistent with such a regulation by the Shh gradient of ac-
tivity, since it is expressed above and below pMN domain, as well
as in intermediate progenitor cells that have exited the cell cycle
and localized in dorsal and ventral areas above and below MN
domain (Misra et al., 2008; Kaltezioti et al., 2010). If Prox1 ex-
pression was repressed at a distinct concentration of Shh, we
would not expect to be specifically excluded from the pMN/MN
domains. In addition, the temporal pattern of the initiation of
Prox1 expression is also inconsistent with such an action, because
it is induced quite after the expression of Olig2, Nkx6.1, Pax6,
Irx3, and other Shh-regulated factors (Figs. 1, 2).

Although the Prox1-mediated suppression of Olig2 can suffi-
ciently explain the requirement for Prox1 in V2 lineage specifica-
tion, we cannot exclude additional actions of Prox1 in other
determinants of V2 lineage. In this regard, a follow-up question is
whether Proxl1 is engaged in regulatory interactions with other
components of the genetic network that define ventral neuronal
subtypes. Specifically, the repressive action of Olig2 on Pax6 and
the cross-regulatory interactions between Olig2 and Irx3 or

miRNA-17-3p are also implicated in the establishment of p2/
PMN identities (Ericson et al., 1997; Briscoe et al., 2000; Mizugu-
chi et al., 2001; Novitch et al., 2001; Zhou and Anderson, 2002;
Briscoe and Novitch, 2008; J. A. Chen et al., 2011; Mazzoni et al.,
2011). Prox1 ablation results in a dorsal expansion of the expres-
sion boundaries between Olig2 and Irx3 or Pax6, indicating that
Prox1 plays a regulatory role in these repressive loops. This role
could be adequately explained by the direct action of Prox1 in
Olig2 transcription regulatory elements. However, despite these
mechanistic interactions, we cannot exclude a number of addi-
tional direct or indirect effects of Pax6, Irx3, and/or miRNA-
17-3p on Prox1 function, or vice versa. An attractive scenario
would be that these factors cooperate to maintain Olig2 expres-
sion levels below a threshold in p2 domain above which pMN
specification is induced at the expense of p2.

Furthermore, an intriguing question is why Prox1l knock-
down in more dorsal positions cannot induce the ectopic gener-
ation of MNs. We show here that in more dorsal domains Prox1
ablation is not sufficient to de-repress Olig2 expression and thus
the program for MN generation remains suppressed (Figs. 9, 10).
We suggest that this could be due to another repressor/factor,
acting upstream of Prox1 in the hierarchy of neuronal specifica-
tion, which suppresses Olig2 outside the V2 lineage. Olig2 expres-
sion may be initiated in the subset of progenitors that are engaged
in the V2/MN lineages and therefore alternative dorsal fates may
have lost the ability to de-repress Olig2 due to transcription
and/or epigenetic factors. Consistently, it has been shown that
ectopic expression of Olig2 is sufficient to induce MN generation
only in the p2, possibly due to the fact that outside p2 Olig2 needs
auxiliary factors to complete this action (Mizuguchi et al., 2001;
Novitch et al., 2001). In accordance, Olig2 misexpression is suf-
ficient to induce ectopic MNs in more dorsal positions when
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co-overexpressed with Neurog2 (Mizuguchi et al., 2001). Para-
doxically, Neurog2 alone is sufficient to strongly induce the
expression of ProxI (Misra et al., 2008). However, Olig2 coex-
pression is able to block the Neurog2-mediated induction of
ProxI (Misra et al., 2008), suggesting that Olig2 can override the
effect of Neurog2 on enhancing ProxI, consistent with their abil-
ity to ectopically activate the MN program outside p2. Therefore,
we suggest that Prox1 specifically acts in p2 to inhibit the Olig2-
mediated program for MN specification.

Taken together, these observations indicate that Prox1 is an
integral component of the gene regulation network for neuronal
subtype specification in the developing spinal cord. We and oth-
ers have previously shown that Prox1 is a downstream target of
proneural genes and induces generic neurogenesis via inactiva-
tion of Notchl signaling (Misra et al., 2008; Kaltezioti et al.,
2010). Moreover, we recently showed that ProxI acts as a tumor
suppressor gene in nervous system-related cancers by regulating
basic components of the cell cycle machinery, including Cyclins,
p27-Kipl, and Cdc25A, to induce cell cycle arrest (Foskolou et al.,
2013). This anti-proliferative action of Prox1 could also be in-
volved in the exit of p2 progenitors from the cell cycle and induc-
tion of terminal V2 differentiation, which is consistent with the
observation that Prox1 appears in later stages of ventral specifi-
cation, after the detection of Olig2 in early/naive progenitors of
PMN/p2. Therefore, we would like to further propose a central
role for Prox1 in the regulatory mechanisms coupling subtype
specification with induction of generic aspects of neurogenesis
and cell cycle exit of NPCs.

To conclude, in this study we have unveiled for the first time
to our knowledge a novel means of Olig2 regulation in the devel-
oping spinal cord, which involves direct transcriptional repres-
sion of proximal 1.1 kb promoter and K23 regulatory elements of
Olig2 gene locus by Proxl. In addition, we have demonstrated
that this transcriptional repression has profound implications in
ventral spinal cord patterning and binary fate decisions between
MNs and V2 interneurons. This mechanism is of paramount
importance for generating the correct numbers of ventral V2
interneurons and MNs from a duly sustained pool of NPCs.
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