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The eutherian X-chromosome specific family of Armcx genes has been described as

originating by retrotransposition from Armc10/SVH, a single Arm-containing somatic

gene. Armcx3 and Armc10/SVH are characterized by high expression in the central

nervous system and they play an important role in the regulation of mitochondrial

distribution and transport in neurons. In addition, Armcx/Arm10 genes have several

Armadillo repeats in their sequence. In this study we address the potential role of this

gene family in neural development by using the chick neural tube as a model. We

show that Armc10/SVH is expressed in the chicken spinal cord, and knocking-down

Armc10/SVH by sh-RNAi electroporation in spinal cord reduces proliferation of neural

precursor cells (NPCs). Moreover, we analyzed the effects of murine Armcx3 and

Armc10 overexpression, showing that both proteins regulate progenitor proliferation,

while Armcx3 overexpression also specifically controls neural maturation. We show

that the phenotypes found following Armcx3 overexpression require its mitochondrial

localization, suggesting a novel link between mitochondrial dynamics and regulation of

neural development. Furthermore, we found that both Armcx3 and Armc10 may act as

inhibitors of Wnt-β-catenin signaling. Our results highlight both common and differential

functions of Armcx/Armc10 genes in neural development in the spinal cord.

Keywords: Armcx gene cluster, Armc10 gene, progenitor proliferation, mitochondria, neuronal differentiation,

spinal cord development

INTRODUCTION

In early neural development, the neural tube is formed by self-expanding neural precursor cells
(NPCs); as neurogenesis proceeds, NPCs located in the ventricular zone progressively exit cell
cycle and subsequently give rise to post-mitotic cells accumulating in the mantle zone. Thus, in the
development of the spinal cord, a precise, and coordinated regulation of cell cycle progression and
differentiation is essential to generate appropriate numbers of neurons. Several signaling pathways,
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such as Notch, Sonic hedgehog, BMP, and Wnts, are involved
in the specification and maintenance of NPCs (Mizutani and
Saito, 2005; Cayuso et al., 2006; Han et al., 2008; Nusse et al.,
2008; Alvarez-Medina et al., 2009; Bluske et al., 2012; Bowman
et al., 2013; Le Dréau et al., 2014). Upon canonical Wnt
stimulation, stabilized β-catenin translocates into the nucleus,
where it binds to the transcription factors Tcf/LEF (Behrens
et al., 1996; Hart et al., 1999), leading to transcriptional activation
of multiple target genes such as c-myc and Cyclin D1 and
D2 (Megason and McMahon, 2002; MacDonald et al., 2009).
The dorsal-ventral gradient of Wnt/β-catenin signaling plays an
essential role in maintaining neural progenitor proliferation in
the ventricular zone (Chenn and Walsh, 2002; Zechner et al.,
2003; Zechner and Bailey, 2004; Kalani et al., 2008). Moreover,
Wnt/β-catenin signaling is required for NPC differentiation in
neurons (Hirabayashi et al., 2004; Otero et al., 2004; Lie et al.,
2005; Lyashenko et al., 2011); more recent studies show that
inhibition of the Wnt/β-catenin pathway promotes neuronal
differentiation in the intermediate zone of the dorsal neural tube
(Xie et al., 2011). Thus, the Wnt/β-catenin signal seems to be
essential both to control the size of the progenitor pool and to
impinge on the fate of neuronal progenitors, to either proliferate
or differentiate.

The Armcx1-6/Armc10 cluster is a recently described gene
family encoding for proteins containing multiple Armadillo
domains and a mitochondrial targeting signal. In addition to
being located in the cell nucleus and the cytosol, Armcx1-
6/Armc10 proteins are enriched in mitochondria where they
have been shown to regulate mitochondrial neuronal trafficking
(López-Doménech et al., 2012). The Armcx genes (Armcx1-
6 and the Armcx6-like pseudogene) are clustered on the X
chromosome and they are specific to eutherian mammals. This
gene cluster originates by retrotransposition from a single Arm-
containing gene (Armc10), localized on the 7th chromosome in
humans (López-Doménech et al., 2012). Therefore, theArmc10
is the common ancestor gene for the Armcx cluster, and it is
present in a single copy in all vertebrates, from Teleosts (López-
Doménech et al., 2012).

Several members of Armcx family were initially described as
genes lost in a number of human carcinomas (Kurochkin et al.,
2001); more recent studies have shown a strong implication of
different members of the Armcx/Armc10 family in tumorigenesis
(Dall’Era et al., 2007; Jacinto et al., 2007; Zhou et al., 2007;
Rohrbeck and Borlak, 2009; Rosales-Reynoso et al., 2010; Iseki H
et al., 2012; Montavon et al., 2012; Zeller et al., 2012). Moreover,
some members of the Armcx cluster can regulate or are directly
regulated by the Wnt signaling pathway (Iseki et al., 2010),
which is also implicated in carcinogenesis and tumor progression
(Jessen, 2009; McDonald and Silver, 2009; Yao et al., 2011).

To begin to understand the possible role of Armcx/Armc10
family members in neural proliferation and differentiation, we
decided to model the expression of these genes in the chick
embryo spinal cord, a well-known developmental model. We
show that Armcx3 and Armc10 gain-of-function in vivo results in
negative control of progenitor proliferation. Moreover, Armcx3
overexpression induces neuronal differentiation and the settling
of postmitotic neurons in the mantle zone. These functions

could be carried out by Wnt/β-catenin regulation, which is
inhibited by both Armcx3 and Armc10 proteins. Finally we
show that the endogenous Armc10/SVH protein is expressed
in chicken spinal cord. Loss-of-function studies confirmed a
function of Armc10/SVH in controlling progenitor proliferation
and neuronal maturation.

Our data suggest that the function of Armc10/SVH ancestor
gene in regulating proliferation/differentiation balance in
chicken spinal cord is conserved and further developed inmurine
Armc10 and Armcx3. Moreover, gene-specific particularities are
present in eutherian members of the Armcx/Armc10 family,
pointing up both overlapping and differential mechanisms of
regulation during neuronal development of eutherian mammals.

MATERIALS AND METHODS

Chick Embryos
Eggs from white-Leghorn chickens were incubated at 38.5◦C
in an atmosphere with 70% humidity and staged according
to the method of Hamburger and Hamilton (1951). In ovo
electroporation was performed at stage HH11-12 (48 h of
incubation) with DNA plasmids at 3 µg/µl in H2O with 50
ng/ml Fast Green, as described previously (Alvarez-Medina et al.,
2009). Bromo-deoxyuridine (BrdU, 1 mM; Sigma, St Louis, MO,
USA) was injected into the lumen of the chick neural tube at 20
min before harvesting, to label dividing cells. The embryos were
recovered at the times indicated (24–48 h post-electroporation,
hpe).

DNA Constructs
MouseArmcx3, Armcx31(1-12) and Armc10 sequences were
obtained as previously described (López-Doménech et al., 2012;
Serrat et al., 2014) and inserted into pCIG (Megason and
McMahon, 2002). Full coding Wnt3a, β-catenin-CA, Tcf-VP16
were obtained as previously described (Alvarez-Medina et al.,
2009).

To knockdown Armc10 in chick embryos, two short
RNA hairpin (shRNA)-based expression vectors were
generated (Sh333Fw: 5′-gatcCCCGGGTGGCCTTTCTGTAATT
TTCAAGAGAAATTACAGAAAGGCCACCCTTTTTa-3′′ and
Sh333Rv: 5- agcttAAAAAGGGTGGCCTTTCTGTAATTTCTC
TTGAA AATTACAGAAAGGCCACCC GGG-3′′; Sh927Fw:5-
gatcCCCGCAAGTTGTGAGAATATTATTCAAGAGA TAAT
ATTCTCACAACTTGCTTTTTa-3′′ and Sh927Rv: 5-agcttA
AAAA GCAAGTTGTGAGAATATTA TCTCTTGAA TAAT
ATTCTCACAACTTGC GGG-3), cloned into the pSuper vector
which contains the pSupershRNA expression cassette and an
independent eGFP-encoding cassette and used together (1:1) in
the electroporation for Armc10 silencing.

Evaluation of RNAi Efficiency with
Quantitative Real-Time-PCR
EGFP-containing plasmid DNAs were electroporated and
neural tubes dissected out 24 h later. Single cell suspension
was obtained by 10–15 min incubation in Tripsin-EDTA
(SIGMA). GFP+ cells were sorted by flow cytometry using
a MoFlo flow cytometer (DakoCytomation). Total RNA was
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extracted following the Trizol protocol (Invitrogen). Reverse
transcription and real-time PCR were performed according
to the manufacturer’s instructions (Applied Biosystems)
using a PCR quantitative Real-time ABI Prism 7900HT
(Applied Biosystems). Oligonucleotides specific for chick
Armc10 were designed and used for amplification and
normalization (Fw:5′- CAAAGCTCAAGTGCCATCAC-3′;
Rv:5′-ATGCCAGCTTCTGAGCAAAT-3, Sigma). Primers
specific for chick Gapdh were used for normalization. PCR
amplifications were assessed from pools of electroporated neural
tube chick embryos (10 embryos/pool), using two independent
pools per experimental condition.

Immunohistochemistry and In situ

Hybridization
Chick embryos were fixed for 2–4 h at 4◦C in 4%
paraformaldehyde in PB (0.1M Phosphate Buffer pH 7.2),
washed in PBS, and vibratome sectioned (45 µm). For BrdU
detection, chick embryos were fixed overnight at 4◦C, and the
sections were incubated in 2 NHCl for 30 min followed by 0.1
M Na2B4O7 (pH 8.5) rinses, further PBT rinses, and and anti-
BrdU incubation. Immunostaining was performed following
standard procedures (Lobjois et al., 2008). The following primary
antibodies were used: rabbit anti-Armcx3 (1:300, obtained as
described in López-Doménech et al., 2012), rabbit anti-GFP
(1:500, Invitrogen), rabbit anti-PH3 (1:500, Millipore), rat
anti-BrdU (1:500, AbDSerotec), rabbit anti-Armc10 (1:200,
Abcam), mouse anti-COXIV (1:500, Invitrogen), mouse anti-
Pax7 (1:500, DSHB), mouse anti-Nkx6.1 (1:500 DSHB), mouse
anti-Tuj-1 (1:500, Sigma-Aldrich), mouse anti-HuC/D (1:500,
Invitrogen), rabbit anti-Sox2 (1:500, Invitrogen), and Mouse
Active Caspase-3 (1:300, R&D System). Alexa488-, Alexa562-,
and Alexa660-conjugated secondary antibodies were purchased
from Invitrogen (Carlsbad, CA). After staining, the sections
were mounted in Mowiol, recorded using a Leica SPE confocal
microscope, and processed with Adobe Photoshop CS3. Cell
counting was carried out on pictures obtained from 4 to 9
different chick embryos per experimental condition. We counted
the following groups of cells: GFP+/BrdU+, GFP+/PH3+,
GFP+/Sox2+, GFP+/HuC/D+, GFP+/Tuj-1+. In addition,
we quantified the percentage of BrdU-positive cells among
non-electroporated (GFP-) cells surrounding GFP-positive cells
in the following conditions: pCIG, pCIGAlex3, pCIGArmc10,
shControl, shArmc10.

For in situ hybridization, embryos were fixed overnight at
4◦C in 4% PFA in PB, rinsed, and processed for whole-mount
RNA in situ hybridization following standard procedures (Saade
et al., 2013). Chick Armc10 antisense riboprobe was labeled with
digoxigenin-D-UTP (Boehringer-Mannheim, Germany) by in
vitro transcription of a cDNA fragment encoding chick Armc10
[cloneID = ‘ChEST582h22’ adult kidney + adrenal 735pb (nt
318–954); obtained from the chicken EST project (UK-HGMP
RC)], using a T3 polymerase (Ambion).

Hybridized embryos were rinsed in PBT, postfixed in 4% PFA,
rinsed in PBT, vibratome sectioned, and photographed on a Leica
DMR microscope.

Measurement of HuC/D+ or Tuj-1+(MZ)
Areas
The effects of Armcx3, Armcx31(1-12), and Armc10
overexpression or Armc10 silencing on the total number of
neurons were assessed by measuring the area occupied by the
HuC/D+ neurons or the size of the area occupied by Tuj-1+

neurons in the MZ. Data were obtained from pictures of coronal
sections 48hpe as previously described (Le Dréau et al., 2014).
HuC/D+ area or Tuj-1+ distance were measured using the
ImageJ software (National Institutes of Health) for both the
control (non-electroporated) and electroporated neural tube
sides. The data are presented as the ratios ± s.e.m. obtained
by standardizing the values of the electroporated side to the
corresponding values of the respective non-electroporated side.

In vivo Luciferase-Reporter Assay
Embryos were electroporated at HH stage 11–12 with the
indicated DNA, together with a TOPFLASH luciferase reporter
construct containing synthetic TCF-binding sites (Korinek et al.,
1998) as well as a Renilla construct (Promega) for normalization.
Embryos were harvested after 24 hpe and GFP-positive neural
tubes were dissected and homogenized with a douncer in passive
lysis buffer (Promega). Firefly- and Renilla-luciferase activities
were measured using the Dual Luciferase Reporter Assay System
(Promega). Data were obtained from at least two independent
experiments (n= 6–12 embryos per experimental condition).

In silico Analysis
Chick Armc10 protein sequences were obtained by browsing
public genome data (www.ensembl.org, www.ncbi.nlm.nih.gov).
Domain structure was determined with NCBI, Prosite,
InterProScan, and IPSort software.

Statistical Analysis
Quantitative data were expressed as mean ± s.e.m; n ≥ 4
embryos per experimental conditions. Data were analyzed using
the Student’s t-test (∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001).

RESULTS

Forced Armcx3 Expression Reduces
Progenitor Proliferation
In the developing spinal cord, neural progenitors reside in the
ventricular zone (VZ). Neural progenitors exit the cell-cycle
and migrate to the mantle zone (MZ) where they differentiate
in postmitotic neurons. To explore the function of murine
Armcx3 in neurogenesis, we electroporated pCIGArmcx3 or
the pCIG empty vector as a control into the spinal cord of
HH12 chick embryos. Electroporation of the control construct
yielded a homogenous distribution of labeled cells through the
neural tube, 24hpe (Figures 1A–C). In contrast, expression of
pCIGArmcx3 resulted in an altered cellular distribution, with
most GFP-positive cells being located at the outer surface of the
tube near the MZ (Figures 1A–C). To confirm these findings, we
took advantage of Sox2 and HuC/D staining to delineate the VZ
and the MZ, respectively (Figure 1C). We confirmed that pCIG-
electroporated cells showed an even distribution throughout
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FIGURE 1 | Armcx3 overexpression reduces progenitor proliferation. (A–D) Representative transverse sections of neural tubes from embryos electroporated at

HH stage 12 with pCIG and pCIGArmcx3 vectors and analyzed at 24hpe with the indicated immunostaining. GFP, Sox2 (red) and HuC/D (blue) stain, respectively, the

electroporated cells, the neural progenitors, and the differentiating neurons; Armcx3 overexpressing cells show a lateral distribution from the lumen to the MZ of the

neural tube. (E,F) Ectopic expression of Armcx3 leads to a dramatic increase in the percentage of HuC/D/GFP-positive cells, concomitant to a decrease in

Sox2/GFP-positive cells. (G,H) The percentage of GFP-positive electroporated cells positive for PH3 or BrDU decreases in pCIGArmcx3 electroporated embryos.

Data represent the mean ± s.e.m. (*p < 0.05, **p < 0.01).

the tube, whereas Armcx3-expressing cells located in the MZ
exhibited a four-fold increase, compared to controls (Figure 1D).
To support these findings we quantified the percentage of GFP-
positive cells expressing either the progenitor marker Sox2 or
the MZ marker HuC/D. Our data show that Armcx3 expression
leads to a dramatic increase in the percentage of HuC/D/GFP-
positive cells, concomitant with a decrease in Sox2/GFP-positive
cells (Figure 1F). These findings suggest that forced Armcx3
expression may induce an early cell cycle exit in progenitor
cells.

To better analyze the effect of Armcx3 overexpression
on progenitor proliferation, we compared the number

of GFP-positive cells co-expressing PH3 (M phase
marker) and BrdU (S phase marker) in pCIG and in
pCIGArmcx3electroporated embryos; with both markers we
found a significant decrease of double-labeled cells in embryos
electroporated with Armcx3, suggesting that Armcx3isa negative
regulator of cell cycle in the spinal cord in vivo (Figures 1G,H).

Forced Armcx3 Expression Promotes
Neural Maturation
To analyze the effect of Armcx3 overexpression on neuronal
differentiation, we analyzed pCIG and pCIGArmcx3
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FIGURE 2 | Armcx3 overexpression promotes neural differentiation. (A–E) Representative transverse sections of neural tubes from embryos electroporated at

HH stage 12 with pCIG and pCIGArmcx3 vectors and analyzed at 48hpe with the indicated immunostaining. Armcx3 overexpressing cells show a lateral distribution

from the VZ to the MZ of the neural tube. (F) Ectopic expression of Armcx3 leads to an increase in the percentage of HuC/D/GFP-positive cells and a decrease in

Sox2/GFP-positive cells (anti-HuC/D, blue; anti-Sox2, red). (G) The HuC/D+ areas corresponding to the MZ (formed by the differentiating neurons) were defined using

ImageJ processing. (H) The areas measured for the electroporated side (EP) were standardized to their contralateral controls (CNTRL) and are presented as ratios of

the area of MZ (HuC/D+ Area); the widths of the Tuj-1-marked region for the electroporated side were standardized to their contralateral controls and are presented as

ratios of the size of MZ (Tuj+ Size). (I) Histogram showing the percentage of electroporated cells (GFP+) positive for Tuj-1. Data represent the mean ± s.e.m. (*p <

0.05, **p < 0.01).

electroporated embryos 48 h after electroporation (Figure 2A).
As with 24hpe embryos, we found that pCIGArmcx3
electroporated embryos exhibited a larger percentage of
GFP-positive cells in the MZ (Figures 2A–D). Moreover, we
observed a reduction in the proportion of double-labeled
GFP/Sox2+ cells in pCIGArmcx3-electroporated embryos,
concomitant with an increase in the proportion of GFP/HuC/D+

cells, compared to controls (Figures 2C,F).

To further strengthen the notion that Armcx3 acts as a
promoter of neural differentiation, we analyzed the expression
of the neuron-specific marker Tuj-1 in pCIG and pCIGArmcx3
electroporated embryos (Figure 2E). We found that the number
of Tuj-1/GFP-positive cells was almost double in Armcx3-
electroporated embryos compared to control embryos, thereby
confirming that forced Armcx3 expression promotes neuronal
maturation (Figure 2I).
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To assess the global impact of Armcx3 expression on the size
of the differentiating compartment (MZ), wemeasured the size of
Tuj-1+and HuC/D+ regions. Using both markers we found that
Armcx3 expressions leads to smaller compartments occupied by
differentiating neurons (Figures 2G,H). Taken together with the
above data, the present findings indicate that Armcx3 expression
leads to progenitor cell cycle arrest and accelerated neuronal
differentiation, thereby resulting in an overall reduction in the
number of postmitotic neurons.

Armcx3 Mitochondrial Localization is
Required to Control Progenitor
Proliferation and Neuronal Differentiation
Armcx3 endogenous protein has been described as being
localized in at least three sub-cellular compartments:
mitochondria, nuclei and cytosol. Moreover, the N-terminal
region contains a mitochondrial targeting sequence that
is necessary and sufficient for the targeting of Armcx3 to
mitochondria (López-Doménech et al., 2012). Thus, deletion
of the first N-terminal 12 amino acids abolished mitochondrial
targeting, leading to nuclear localization (López-Doménech
et al., 2012). We wondered whether Armcx3 mitochondrial
localization was required to regulate progenitor cell proliferation
and differentiation. We thus cloned the Armcx3 deletion mutant
[pCIGArmcx31(1-12)] in pCIG vector and electroporated chick
embryos as above. First, we analyzed the intracellular localization
of both proteins 24hpe with immunohistochemical analysis,
using an anti-Armcx3 antibody and the mitochondrial marker
anti-COXIV. We confirmed that whereas Armcx3 protein co-
localizes with COXIV in mitochondria, the mutant Armcx31(1-
12) protein does not exhibit mitochondrial localization, but
shows diffuse cytosolic and nuclear staining (Figure 3A).

We observed that, in contrast to Armcx3-expressing
cells, pCIGArmcx31(1-12) electroporated cells showed an
even distribution through the MZ and VZ at both 24 and
48hpe, similarly to the control, pCIG-electroporated cells
(Figures 3B–E, 4A–D). Similarly, there were no differences
between pCIGArmcx31(1-12) and control-electroporated
embryos in the percentages of GFP/Sox2+cells, GFP/HuC/D+

cells (Figures 3E,F, 4C,F), nor in proliferation markers
(Figures 3G–I) or neuronal differentiation markers (Tuj-1 and
HuC/D, Figures 4E,G–I). Taken together, these data indicate that
mitochondrial localization is required for Armcx3 to regulate
progenitor proliferation and neuronal differentiation.

Ectopic Armc10 Localizes at Mitochondria
and its Overexpression Reduces
Progenitor Proliferation without Affecting
Neuronal Maturation
Armcx3 belongs to the Eutherian-specific Armcx gene cluster
(Armcx1-6, GASP1-3), which arose by retrotransposition
from the Armc10 ancestral gene and by subsequent short-
range tandem duplications of a rapidly evolving region
in the X chromosome (López-Doménech et al., 2012). To
investigate possible evolution-related functional differences
between Armcx3 and the ancestor gene Armc10, we performed
studies similar to those above, in the chicken spinal cord, but

overexpressing an Armc10 construct (pCIGArmc10). Similarly
to Armcx3, electroporation of pCIGArmc10 in the neural tube
yielded a pattern of staining which largely colocalized with the
mitochondrial marker COXIV (Figure 5A).

We observed that, both at 24 and 48 hpe times, Armc10-
expressing cells showed a homogenous distribution throughout
the VZ and MZ, in contrast to the distribution found after
Armcx3 electroporation (Figures 5B–E, 6A–D). Moreover, we
did not observe changes in the proportion of GFP/Sox2+, or
GFP/HuC/D+cells, compared to controls (Figures 5F,G, 6C,F).

However, we found a significant decrease in proliferation
markers in pCIGArmc10-electroporated embryos, 24hpe
(Figures 5H,I), indicating that, likeArmcx3, Armc10 is a
negative regulator of cell cycle in vivo. The reduction in
proliferation at early stages of development correlated with a
reduction in the width of Tuj-1 and HuC/D-positive regions
48hpe (Figures 6G,H). Nevertheless, we did not find any
variation in the proportion of Tuj-1+/GFP+ cells with respect
to the controls, indicating that ectopic Armc10 expression
reduces progenitor proliferation without affecting neuronal
differentiation (Figures 6E,I).

Armc10 Endogenous Gene is Expressed at
HH12, HH19, and HH24 Stages
As the Armcx gene cluster is specific to eutherian mammals,
we first wanted to characterize the expression of the ancestor
gene, Armc10, the only locus present in chick. In silico
analysis predicted two different isoforms for the Armc10
protein, differing in their N-terminal region which contains a
putative transmembrane region (Figure 7A). Both Armc10 chick
isoforms share strong sequence homology with mouse Armc10
(Figure 7B). We next characterized the expression of the chick
Armc10 using in situ hybridization inHH12, HH19 and HH24
embryos. Low expression was found at the HH12 stage. At HH19,
Armc10 was expressed preferentially in dorsal regions including
the roof plate, and weakly in the floor plate (Figure 8C). By
HH24, when neural differentiation was more active, Armc10 was
expressed in the VZ, with higher expression at dorsal levels, as
well as in the floor plate and in motor neurons (Figure 7C).

In order to test the effect of endogenous Armc10 silencing on
neural tube development, we generated two different short RNA
hairpin (shRNA)-based expression vectors targeting two different
sequences of the Armc10 transcript, also expressing GFP and
targeting both Armc10 isoforms. To test silencing efficacy,
HH12 embryos were electroporated with Armc10 silencing
vectors (used together 1:1, shArmc10) or with a control vector
(shControl); GFP positive cells were harvested with FACS (MoFlo
flow cytometer) and Armc10 transcripts were measured with RT-
PCR, demonstrating a 90% reduction in Armc10-silenced cells
(Figure 7D).

Armc10 Silencing Inhibits Progenitor
Proliferation without Affecting Neuronal
Differentiation
HH12 embryos were electroporated with shArmc10 or shControl
vectors and examined 24 or 48hpe. We did not observe
differences in the distribution of GFP+ electroporated cells in
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FIGURE 3 | Armcx3 effects on progenitor proliferation depend on its mitochondrial localization. (A–D,F,H) Representative transverse sections of chick

neural tubes from embryos electroporated at HH stage 12 with the indicated plasmids and processed and analyzed 24hpe as described in Figure 1. Overexpressed

Arcmx3 is localized at the mitochondria of neural progenitors as indicated by its colocalization with the mitochondrial marker CoxIV. By contrast, a truncated form of

Armcx3 which lacks its mitochondrial targeting sequence (Armcx311-12) displays a cytoplasmic non-mitochondrial localization (A). Arrows in (A) label mitochondria

co-localizing with Armcx3 (left panels) but not with the Armcx31(1-12) construct lacking the mitochondrial targeting sequence (right panels). The overexpression of

this truncated form neither induced a lateral distribution of progenitors (B,E) nor modified the percentage of Sox2/GFP-positive or HuCD/GFP-positive cells (D–G).

Consistently, the non-mitochondrial Armcx3 form did not induce changes in the percentage of GFP/PH3 or GFP/BrdU positive cells (I). Data represent the mean ±

s.e.m.

the mantle zone (Figures 8A–D, 9A–D), or in the proportion
of GFP/Sox2, GFP/HuC/D and GFP/Tuj-1 -positive cells
(Figures 8C,E,F, 9C,E,F,I). Moreover, we did not find changes
in the number of GFP-positive cells expressing PH3, following
Armc10 silencing, although we found a 30% decrease in the

number of GFP-positive cells incorporating BrdU, suggesting that
appropriate levels of Armc10 protein are required to achieve
proliferation (Figures 8G,H).

The slight reduction in proliferation at early stages of
development also correlated with a reduction in Tuj-1 and
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FIGURE 4 | Armcx3 effects on neural differentiation depend on its mitochondrial localization. (A,C,E) Representative transverse sections of chick neural

tubes from embryos electroporated at HH stage 12 with the indicated plasmids and processed and analyzed 48hpe as described in Figure 2. In contrast to the full

length Armcx3 (see Figure 2), the overexpression of a non-mitochondrial truncated version of Arcmx3 (Armcx311-12) did not induce apparent changes in the lateral

distribution of progenitors (A–D) or modify the percentage of Sox2/GFP or HuCD/GFP positive cells. (F) Similarly, Armcx311-12 overexpression has no impact on the

HuCD + area (G,H), the width of Tuj-1 positive region (G,H), or the percentage of electroporated cells positive for Tuj-1 (I). Data represent the mean ± s.e.m.

HuC/D-positive areas 48hpe (Figures 9E,G,H), suggesting that
this change may be a direct consequence of the reduced
progenitor proliferation found at 24hpe.

Armcx3 and Armc10 Expression Levels
may Regulate β-Catenin-Induced Tcf/LEF
Transcriptional Activity without Affecting
Dorsoventral Patterning
The Armcx/Armc10 members contain in their sequence several
Armadillo-like domains (López-Doménech et al., 2012), and

the Wnt-β-catenin pathway favors neural tube progenitor
proliferation by directly regulating the transcription of several
cell cycle key modulators, such as cyclinD1 and N-myc (Tetsu
and McCormick, 1999; Ten Berge et al., 2008). Therefore, to
test whether Armcx3 or Armc10 expression levels interfere
with the Wnt-β-catenin pathway, we performed in vivo
luciferase assays measuring Tcf/LEF-transcriptional activity.
Chick embryos were electroporated with the TOP-FLASH-Luc
reporter together with two different activators of the Tcf/LEF
transcriptional activity: a stable form of β-catenin (β-cateninCA)
and a chimeric transcriptional activator form containing the
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FIGURE 5 | Armc10 overexpression reduces progenitors proliferation. Representative transverse sections of chick neural tubes from embryos electroporated at

HH stage 12 with the indicated plasmids and processed and analyzed 24hpe as described in Figure 1. As is seen with Arcmx3, Armc10 protein is localized at the

mitochondria of neural progenitors as indicated by its colocalization with the mitochondrial marker CoxIV (A). (C) Schematic representation illustrating the distributions

of the VZ and MZ at HH12+24hpe. Armc10 overexpression did not induce changes in the lateral distribution of electroporated neural progenitors (B,E) or in the

percentage of GFP/Sox2 or GFP/HuCD positive cells (D,F,G). However, it induced a reduction in the percentage of PH3/GFP and BrdU/GFP positive cells (H,I). Data

represent the mean ± s.e.m. (*p < 0.05).

HMG box DNA-binding domain of Tcf fused to the VP16
transactivator domain (Tcf3-VP16) (Kim et al., 2000). Analysis
of luciferase activity 24hpe showed that both Armcx3 and
Armc10 expression were able to decrease Tcf/LEF-transcriptional
activity at basal conditions as well as following β-cateninCA
induction (Figures 10A,B). However, neither Armcx3 nor

Armc10 inhibited the Tcf3-VP16- dependent transactivation
(Figures 10A,B), suggesting that this regulation takes place
upstream from the transcriptional activity.

In contrast, Armc10 silencing was able to activate
Tcf/LEF-transcriptional activity at baseline conditions
(Figure 10D) as well as following β-cateninCA induction,
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FIGURE 6 | Armc10 overexpression does not promote neural differentiation. Representative transverse sections of chick neural tubes from embryos

electroporated at HH stage 12 with the indicated plasmids and processed and analyzed 48hpe as described in Figure 2. The overexpression of Armc10 did not

induce changes in the lateral distribution of electroporated progenitors (A) or modify the percentage of Sox2/GFP or HuCD/GFP positive cells (C,D). By contrast,

Armc10 overexpression reduced the HuCD area and the width of Tuj-1 positive region (G,H). The percentage of electroporated cells positive for Tuj-1 was not different

in embryos where Armc10 was overexpressed with respect to controls (pCIG) (I). Data represent the mean ± s.e.m. (*p < 0.05, **p < 0.01).

without inhibiting the Tcf3-VP16- dependent transactivation
(Figure 10C).

Interestingly, the regulatory effect on Tcf/LEF activation
of Armcx3 and Armc10 overexpression or Armc10 silencing
is not associated with changes in dorsoventral patterning
determination, assessed by analysis of dorsal marker Pax7,
central marker Pax6, and ventral markers Nkx6.1 or Nkx2.2
(Figures 10C,E and data not shown). Further experiments
using Cath1/Atoh1, Ngn1, and Cash1/Asch1 (respectively,
dP1, dP2, and dP3 markers) did not reveal changes in the
electroporated side between control, shArmc10 and Armc10

conditions (Supplementary Figure 2). Moreover, we did not
find changes in apoptosis, as assessed by activated caspase 3
expression at 24hpe (Supplementary Figure 3).

DISCUSSION

In this study we analyzed the function of Armcx/Armc10
proteins during chick neural tube development. Whereas, in
mammals several members of the family are described (López-
Doménech et al., 2012), the only Armcx/Armc10 member
found in chick is the Armc10 gene, producing two isoforms,
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FIGURE 7 | Endogenous Armc10 is expressed in chicken spinal cord. (A) Structure and domains of the two different isoforms of chicken Armc10 protein

predicted by in silico analysis. They differ in the N-terminal region, containing a mitochondrial targeting peptide, an N-terminal transmembrane region, and a predicted

cleavage site. The C-terminal domain consists of up to six Arm-like tandem repeats. (B) Both Armc10 isoforms share a strong sequence homology with mouse

Armc10. (C) HH stage 12, 19, and 24 showing expression of chick Armc10. (D) Efficiency of Armc10 gene silencing using shRNA in chicken neural tube, as

measured with RT-qPCR. Armc10 mRNA expression was calculated relative to that of control shRNA (shControl; error bars indicate the SD).

both sharing a strong protein sequence homology with mouse
Armc10. In developing chickens, spinal cord Armc10 transcripts
are distributed in a dorsal to ventral gradient (highest dorsally)
in mitotically active neural precursors. We found Armc10
transcripts also weakly localized in the floor plate and, at
later stages, in motorneurons (Figure 7C). This expression
pattern suggests Armc10 participation in the control of NPC
proliferation and differentiation programs.

Consistent with this idea, mouse Armc10 overexpression in
chicken spinal cord induces a reduction in the proliferation of
NPCs (Figures 5D–I). The same effect is observed when murine
Armcx3 is overexpressed (Figures 1C–H), suggesting a degree
of functional conservation between Armcx3 and its ancestor
gene. Compatible with a role of these proteins in regulating

cell cycle, several members of Armcx family were initially
described as putative tumor-suppressor genes (Kurochkin
et al., 2001; Mishra et al., 2011; Tuszynski et al., 2011; Iseki
H et al., 2012). Finally, counts of BrdU-positive cells among
non-electroporated (GFP-) cells surrounding GFP-positive
cells did not reveal differences among distinct experimental
groups (Supplementary Figure 1), suggesting that the effects
of Armcx3/Armc10 dysregulation are cell autonomous. Further
studies are required to establish whether the negative action of
Armc10 and Armcx3 on NPC cell cycle is achieved by affecting
cell cycle length, inducing an early cell cycle exit, or by altering
the balance between the three modes of division in neural
precursors (PP, PN, NN), (Lui et al., 2011; Franco and Muller,
2013).
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FIGURE 8 | Endogenous Armc10 silencing inhibits progenitor proliferation. (A–D) Representative transverse sections of neural tubes from embryos

electroporated at HH stage 12 with shControl and shArmc10 vectors and analyzed at 24hpe with the indicated immunostaining. No changes in the distribution of

shArmc10 expressing cells are observed. (E,F) Armc10 silencing does not affect the percentage of HuC/D/GFP or Sox2/GFP-positive cells with respect to the control.

(G,H) The percentage of GFP-positive electroporated cells positive for BrDU decreases in shArmc10 electroporated embryos; no changes are observed in the

percentage of GFP-positive electroporated cells positive for PH3 with respect to the control. Data represent the mean ± s.e.m. (*p<0.05).

By contrast with Armc10, Armcx3 overexpression promotes
neural differentiation, a conclusion supported by the fact
thatArmcx3 (GFP+) electroporated cells are mainly located at the
MZ of the neural tube. Moreover, most Armcx3 electroporated
cells are Tuj-1 or HuC/D positive, producing a significant
increase in the percentage of Tuj-1+/GFP+ or HuC/D/GFP+

cells with respect to the control embryos (Figures 2C–F,H).
These differences between the effects due to Armcx3 or Armc10
overexpression during spinal cord development highlight
functional divergence between the two proteins, and suggest
that eutherian Armcx proteins may have acquired additional

functions with respect to the ancestor Armc10 gene. The extent
of the functional divergences between Armcx/Armc10 family
members through evolution is an interesting issue to be clarified
in the future.

The mechanisms by which Armcx proteins participate in the
regulation of NPC cell proliferation/differentiation remain to be
discovered. It is possible that the Armcx3 or Armc10 regulation
of proliferation/differentiation balance during spinal cord
development originates in their role in regulating mitochondrial
function, morphology and localization (López-Doménech et al.,
2012; Serrat et al., 2014). This notion is consistent with our
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FIGURE 9 | Endogenous Armc10 silencing inhibits progenitor proliferation but does not affect neural maturation. (A–F) Representative transverse sections

of neural tubes from embryos electroporated at HH stage 12 with shControl and shArmc10 plasmids and analyzed at 48hpe with the indicated immunostaining. No

changes in the distribution of shArmc10 expressing cells (D) or in the percentage of HuC/D/GFP and Sox2/GFP-positive cells (F) are observed (anti-HuC/D, blue;

anti-Sox2, red). (G,H) The HuC/D+ areas corresponding to the MZ (formed by the differentiating neurons) were defined using ImageJ processing (G). The areas

measured for the electroporated side (EP) were standardized to their contralateral controls (CNTRL) and are presented as ratios of the area of MZ (HuC/D+Area); the

widths of the Tuj-1-marked region for the electroporated side were standardized to their contralateral controls and are presented as ratios of the size of MZ (Tuj+ Size)

(H). (I) Histogram showing the percentage of electroporated cells (GFP+) positive for Tuj-1. Data represent the mean ± s.e.m. (*p < 0.05).

data showing that the overexpression of an Armcx3 truncated
form, which lacks its mitochondrial localization signal, does
not produce any alterations in the NPC proliferation or
differentiation. However, it remains to be investigated whether
Armc10 mitochondrial targeting is also required for Armc10
effects in the spinal cord. It is well known that mitochondria must
undergo morphological changes and be distributed properly in
cells that are dividing (Lee et al., 2007; Mitra et al., 2009). The

morphology of mitochondria is primarily controlled by fusion
and fission events and it has been shown that several proteins
regulating these processes, such as Mitofusin2, Drp1, and Miro1,
also play a regulatory role in the cell cycle (Mitra et al., 2009, 2012;
Yamaoka et al., 2011; Chen et al., 2014; Martorell-Riera et al.,
2015). Moreover, the reorganization of mitochondria during
mitosis is accompanied with detachment of mitochondria from
microtubules and dynein motor complex (Lee et al., 2005). It
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FIGURE 10 | Armcx3 and Armc10 expression levels regulate β-catenin-induced Tcf/LEF transcriptional activity without affecting dorsoventral

patterning. (A,B) Armcx3 and Armc10 inhibit the Wnt pathway upstream from the TCF activity. HH stage 12 embryos were co-electroporated with the pCIG empty

vector, β-cateninCA or TCF-VP16 together with Armcx3 or Armc10. Analysis of the TOP-Flash reporter activity shows that both Armcx3 and Armc10 inhibit

β-cateninCA-mediated transcriptional activity but not TCF activation. (C) Inhibition of endogenous Armc10 activates Wnt pathway. A similar assay electroporating

TOP-Flash reporter together with shArmc10 constructs shows an increase in β-cateninCA-mediated transcriptional activity. (D,E) Alterations in Tcf/LEF transcriptional

activity mediated by changes in Armcx3 or Armc10 expression levels do not affect dorsoventral patterning organization. Representative sections of HH12 neural tubes

electroporated with the indicated vectors and processed 24hpe for immunostaining analysis against the dorsoventral markers Pax7 or Nk6.1 (red). Anti-GFP or

anti-Armcx3 (green) antibodies were used to report the transgene expression. Data represent the mean ± s.e.m. (*P < 0.05; **P < 0.01; ***P < 0.001).

has been demonstrated that both Armcx3 and Armc10 cause
mitochondrial aggregation and/or tethering in HEK293 cells and
hippocampal neurons, where these processes are believed to
serve to capture mitochondria at specific locations (Chang and
Reynolds, 2006; MacAskill and Kittler, 2010). Moreover, Armcx3
and Armc10 interact with the Kinesin5/Miro/Trak2 complex,
controlling mitochondrial trafficking along microtubules in
neurons, through a direct interaction with Miro and Trak2
proteins (López-Doménech et al., 2012; Serrat et al., 2014).

Armcx/Armc10 mitochondrial related regulation of NPC
proliferation may explain our findings where the endogenous
Armc10 downregulation, performed by silencing both Armc10
isoforms, also causes a reduction in the proliferation of NPCs,
without affecting the neural differentiation process (Figures 8,
9). Thus, it has been described how both Armcx3 and Armc10
gain and loss-of function induce similar phenotypes related with
mitochondrial trafficking regulation (López-Doménech et al.,
2012; Serrat et al., 2014). This effect has also been described for
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TDP43 and other mitochondria-targeted proteins (Wang et al.,
2013; Magrané et al., 2014). Altogether, our results suggest a
model in which appropriate levels of Armc10 protein are essential
to guarantee normal progression through the cell cycle.

Armcx3 has been shown to interact with transcription
factor Sox10 and increase its outer membrane of mitochondrial
localization (Mou et al., 2009). Sox10 is involved in several
processes during CNS development, including differentiation
(Herbarth et al., 1998) and specification of neural crest-derived
sensory neurons (Elworthy et al., 2003, 2005; Carney et al.,
2006). It has been proposed that the interaction between Armcx3
and Sox10 within the cytoplasm could lead to post-translational
modifications of Sox10 resulting in increased transcriptional
activity once it is transported into the nucleus (Mou et al.,
2009). Further study of the participation of Armcx3/Armc10
in regulating the activity of Sox family transcription factors
could open new perspectives in understanding the molecular
mechanisms by which these proteins regulate developmental
processes.

In order to find a molecular pathway via which Armcx3
and Armc10 may carry out their function during development,
we considered their protein structure: all members of the
Armcx/Armc10 cluster code for proteins containing six
armadillo repeats, found in a wide range of proteins related to
Wnt/β-catenin signaling, such as β-catenin or Adenomatous
polyposis coli (APC). In addition, Armc10 expression pattern in
chicken spinal cord resembles the expression of the mitogenic
Wnt proteins (composed principally of Wnt1 and Wnt3a)
across the VZ of the neural tube (Megason and McMahon,
2002). The Wnt/β-catenin signaling pathway plays a pivotal
role in spinal cord development, for instance by regulating
patterning of the neural tube, promoting the proliferation of
dorsal spinal progenitor cells, and inducing the differentiation
of dorsal spinal neurons. Thus, although further experiments
are required, our data suggest that both Armc10 and Armcx3
may inhibit the canonical Wnt/β-catenin pathway and that
their inhibition takes place upstream from the transcriptional
activity (Figures 10A,B). Moreover, Armc10 silencing is able
to activate Tcf/LEF-transcriptional activity (Figure 10C). These
data suggest that the effects of altered Armc10 expression levels
on NPC proliferation cannot be exclusively ascribed to Armc10’s
inhibitory function in the Wnt/β-catenin pathway; indeed, both
Armc10 overexpression and Armc10 silencing induce the same
effect on NPC proliferation, indicating that other mechanisms
may be involved in combination with Wnt/β-catenin pathway
modulation. Supporting this notion, we have not observed
changes in spinal cord patterning upon Armcx3 and Armc10
gain or loss of function manipulations (Figure 10D).

Taken together, our data show that Armcx3 and Armc10
proteins can regulate key processes of spinal cord development.
We postulate that Armcx3 and Armc10 represent crucial

elements coordinating mitochondrial distribution and partitions
during NPC cell cycle progression. Consequentially, altered
expression levels of these proteins affect the NPC proliferation
process and in turn neural maturation. Nevertheless, a
possible mechanism by which Armcx3 and Armc10 could
control proliferation process through mitochondrial dynamics

regulation remains to be further clarified. The identification of
the molecular mechanism involved in Armcx protein action is
one of the most stimulating challenges of the near future.
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Supplementary Figure 1 | Armcx3 and Armc10 effects on NPC proliferation

are cell autonomous. Quantification of the percentage of BrdU+ cells among

non-electroporated (GFP-) cells surrounding GFP + transfected cells in HH12

chick embryos electroporated with the indicated constructs and analyzed at 24 h

PE. No differences between the different experimental conditions can be

appreciated suggesting that the effects of Armcx3/Armc10 dysregulation on NPC

proliferation are cell autonomous.

Supplementary Figure 2 | Armc10 expression levels do not regulate the

expression of proneural dorsal genes. Loss- and gain-of-function experiments

in chick embryos reveal that the expression of bHLH proneural genes is not

altered by Armc10 expression levels. The electroporated side is to the right

(indicated as+). The expression of Cath1/Atoh1 (A–C), Ngn1 (D–F), and

Cash1/Asch1 (G–I), were analyzed in HH12 embryos electroporated with an

empty control vector, and with sh-Armc10 and pCIGArmc10 vectors, at 36 h PE.

Supplementary Figure 3 | Alteration in Armcx3 and Armc10 expression

levels does not induce apoptosis. Transverse sections of neural tubes from

chick embryos electroporated at HH stage 12 with the indicated vectors.

Anti-GFP or anti-Armcx3 (green) antibodies were used to report the transgene

expression; anti-activated caspase3 antibody was used to detect apoptotic cells

(red). Gli3R was used as positive control of apoptosis.
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