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Signaling with Homeoprotein Transcription Factors in Development and

Throughout Adulthood
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Abstract: The concept of homeoprotein transduction as a novel signaling pathway has dramatically evolved since it was
first proposed in 1991. It is now well established in several biological systems from plants to mammals. In this review, the
different steps that have led to this unexpected observation are recalled and the developmental and physiological models
that have allowed us (and a few others) to consolidate the original hypothesis are described. Because homeoprotein signal-
ing is active in plants and animals it is proposed that it has predated the separation between animals and plants and is thus
very ancient. This may explain why the basic phenomenon of homeoprotein transduction is so minimalist, requiring no
specific receptors or transduction pathways beside those offered by mitochondria, organelles present in all eukaryotic
cells. Indeed complexity has been added in the course of evolution and the conservation of homeoprotein transduction is
discussed in the context of its synergy with bona fide signaling mechanism that may have added robustness to this primi-
tive cell communication device. The same synergy possibly explains why homeoprotein signaling is important both in
embryonic development and in adult functions fulfilled by signaling entities (e.g. growth factors) themselves active
throughout development and in the adult. The cell biological mechanism of homeoprotein transfer is also discussed. Al-
though it is clear that many questions are still in want of precise answers, it appears that the sequences responsible both
for secretion and internalization are in the DNA-binding domain and very highly conserved among most homeoproteins.
On this basis, it is proposed that this signaling pathway is likely to imply as many as 200 proteins that participate in a
myriad of developmental and physiological pathways.
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SERENDIPITY

The identification of a novel signaling pathway based on
homeoprotein (HP) transduction finds its origin in the obser-
vation that neurons and astrocytes (a class of non-neuronal
cells) isolated from different brain regions maintain their
regional properties. This was deduced from the finding that
neurons grown on astrocytes from the same region (homo-
topic co-cultures) develop a profuse dendritic arbor very
different from the one they would develop in heterotopic co-
cultures [1, 2] (Fig. 1). In 1984, this observation was strik-
ingly reminiscent of the recently discovered homeogenes in
the sense that a connection could be made between shape
and position [3]. This is why we speculated that the same
class of genes, homeogenes, encoding positional informa-
tion, may regulate the shape of single cells in addition to that
of organs. This seemed sensible since many of the molecules
able of modifying cell and organ shapes might be of similar
nature (adhesion molecules, cytoskeleton) and thus the
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putative (at the time elusive) targets of homeogene-encoded

HP transcription factors.
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Fig. (1). Regulation of neuronal polarity through region-specific
neuro-glial interactions. Neurons cultured on astrocytes from the
same brain "compartment" (green on green or pink on pink) develop
a dendritic tree more profuse than neurons grown on astrocytes from
a different "compartment” (green on pink or pink on green).
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The DNA-binding domain of many HPs, called the ho-
meodomain (HD), is highly conserved among a large hum-
ber of HPs [4, 5]. On this basis we speculated (and later veri-
fied [6]) that injecting a HD within neurons may chase the
endogenous HPs from their cognate binding sites, thus
changing neuronal shape if our hypothesis was confirmed.
Consequently, we produced the HD of the Drosophila An-
tennapedia genes (AntpHD) and introduced it into nerve
cells by scrape loading with the expected results of a change
in neuronal morphology [7]. Because the scrape-loading
protocol results in a lot of material being in the culture
medium, we did a control experiment consisting simply in
adding the HD to the culture medium. To our surprise we
observed the same changes in neuronal phenotypes, making
it likely that we were dealing with an artifact. However,
before giving up we labeled the HD with a fluorescent tag
and this is how we found that AntpHD was internalized by
live cells and addressed directly to their cytoplasm and
nucleus [7] leading to morphological changes [8, 9].

CELL BIOLOGICAL STUDIES

Although this seems now obvious, twenty years ago the
idea that HPs may regulate the shape of single cells was
troubling. Even more troubling was the observation that a 60
amino-acid long polypeptide could travel across biological
membranes and gain direct access to the cytoplasm, a fact at
odds with the Berlin wall concept of the plasma membrane.
Indeed the perspective that this may be a shared property of
many HDs (because of their conserved structure) and, be-
yond, of full-length HPs was difficult to consider with com-
plete serenity. The latter doubts were also shared by our own
group, leading us to develop a cell biological study of HD
internalization and later of HP intercellular transfer [10-13]. |
do not intend to go into the details of these studies that have
been recently reviewed [14-17] but to make a few comments
on this novel signaling pathway.

A first comment is that HP transfer is permitted by the
presence, within the HD of secretion and internalization sig-
nal peptides highly conserved within HPs [15]. This is par-
ticularly so of the internalization sequence that corresponds
exactly to the third helix of the HD [18, 19]. This conserva-
tion explains that 10 out of 10 tested HPs translocate be-
tween cells and strongly suggests that this is also the case for
most of the 200 (approximately) HPs that have been identi-
fied. This presence of the two key transfer sequences in the
DNA-binding domain has for consequence that it is impossi-
ble to mutate them without modifying HP cell-autonomous
transcriptional activity. This is why we developed the single-
chain antibody strategy based on the in vivo expression of a
secreted antibody allowing one to neutralize the extracellular
HP while leaving untouched its cell autonomous activities
(Fig. 2). A second comment concerns the translocation of the
third helix of the HD, known as Penetratin, and that of full-
length proteins. The punctual mutations that block Penetratin
internalization also block that of full-length HPs suggesting
that the two events are related. However, it is not impossible
that other sequences are required for HP internalization and
also for the specific recognition of target cells as will be de-
veloped later. Finally it is quite interesting that secretion and
internalization do not use the same signal peptides. In par-
ticular the group of Alain Joliot has shown that internaliza-
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tion and secretion are distinct phenomena and that the check-
in pathway differs totally from the check-out one [20].
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Fig. (2). The single-chain antibody strategy to neutralize extracellu-
lar HPs. Single-chain antibodies (scFvs) are encoded by minigenes
resulting from the cloning of the light and heavy variable chains
linked with a hinge sequence and preceded by a secretion signal
peptide. They are secreted into the extracellular space where they
neutralize secreted HPs.

IS HP SIGNALING A VERY ANCIENT PHENOME-
NON?

A fascinating study achieved by Joliot and collaborators
concerns the similarities between plant and animal HD
transduction [21]. The intercellular transport of proteins,
including HPs, is a well-known phenomenon in plants. This
is normally explained by the fact that plants, because their
cells are separated by cellulose walls, use intercellular corri-
dors, called plasmodesmata, allowing intercellular ex-
changes, including that of proteins [22]. Still in plants, it was
shown that the HD is necessary and sufficient for HP transfer
and mutations were identified that impair the latter transfer
[23, 24]. In a key experiment Joliot and colleagues have
shown that the HD of Knotted-1 (KN1) a Meis-type plant HP
that moves from the core mesenchyme to the epithelial layer
of the shoot meristem (Fig. 3) is also transported between
animal cells, therefore in absence of physical contacts be-
tween the cells. Moreover the KNM6 mutant that does not
transfer in plants does not travel between animal cells and a
revertant that transfers again in plants, transfers as well in
animal cells. This series of experiments demonstrate that
KN1 HD does not need plasmodesmata for transfer and
strongly suggests that HP signaling has preceded the separa-
tion between metaphytes and metazoans. If so, it may repre-
sent a very ancient mode of signal transduction present in the
first pluricellular organisms and possibly active in unicellu-
lar organisms.

To my knowledge, this hypothesis has not been ad-
dressed, but is may be interesting to consider it in the context
of unicellular conjugation. Chlamidomonas rheinardi a uni-
cellular green alga multiplies as haploid mt+ and mt- "gam-
etes" that conjugate under food deprivation to produce dor-
mant zygotes that will enter meiotic divisions when food
returns. The present view is that the gametes pair and fuse
thanks to adhesion molecules expressed at the surface of the
flagella and that following fusion, two HPs GSM1 and GSP1
respectively expressed by the + and - haplotypes form a
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complex that initiates the transcription of zygotic genes [25]
(Fig. 4). Based on sequence analysis and on the belonging of
at least one of the HPs (GSML1) to a class of HPs known to
translocate (KN1 family), it can be proposed that fusion
takes place following HP transport if and only if the two
gametes are of different haplotypes. This is indeed quite par-
simonious as it would prevent fusion between gametes of the
same "gender", an unlikely way to give rise to a progeny.
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Fig. (3). Plasmodesmata for protein transfer and signaling in plants.
In plants the presence of cellulose walls explains the signaling func-
tion of cytoplasmic intercellular bridges called plasmodesmata.
Plasmodesmata allow the passage of several signaling entities, in-
cluding proteins.
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Fig. (4). Signaling with HPs in unicellular green algae conjugation:
a hypothesis. The mating types in Chlamidomonas rheinardi are
defined by two HPs, GSM1 and GSP1. A classical view is that
following fusion the two HPs form heterodimers and trans-activate
zygotic genes. The proposal is that fusion between the gametes is
posterior to HP exchange and takes place only if the two gametes
are of opposite signs.
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Indeed this raises the issue of a possible link between the
"invention" of pluricellularity, a highly debated issue, and
conjugation. It is not in my intention to develop this hypothe-
sis further, but | will point out that HPs can be found in Meta-
zoa, Fungi, Plantae, Amoebozoa, Heterokonta and Tricho-
monas [26]. It is thus obvious that they have appeared before
most classical signaling molecules. If we see HP transfer in
such an evolutionary perspective, it can be speculated that the
recruitment of classical signaling pathways may have added
robustness to this early HP-dependent signaling strategy. In
that case one understands better the interaction between HP
signaling and other signaling pathways that we have demon-
strated at least for three HPs, as discussed below.

HP SIGNALING COOPERATES WITH CLASSICAL
SIGNALING PATHWAYS

This interaction concept will be illustrated in the case of
the morphogenesis of the anterior cross vein (ACV) in the
fly wing disk. In this disk Engrailed (En) HP is only ex-
pressed in the posterior compartment with the exception of
the Patch domain (Fig. 5). The ACV is in the anterior do-
main, half of it in the Patch domain and the other half in a
more anterior domain including the domain of DPP expres-
sion. In a recent study we demonstrated that, in contrast with
the posterior cross vein (PCV) which requires the cell
autonomous expression of En for its development, ACV
formation requires the secretion of En by the Patch domain
[27]. This demonstration is based on the expression under
the control of different promoters of an En-targeting RNA.I
construct and of an extracellular single chain antibody di-
rected against En (saEn). The results schematized in (Fig. 5)
demonstrate that En secreted by the Patch domain is neces-
sary for ACV formation and acts in a non-cell autonomous
way. Expressing the secreted antibody in the DPP domain
(where En is not expressed) traps extracellular En "en route”
from the Patched domain, resulting in a missing ACV. It is
known that DPP induces ACV formation [28] and it was
necessary to reconcile the two pathways. DPP signaling
leads to the phosphorylation of Mother Against DPP (MAD)
and we found that MAD is not phosphorylated in absence of
extracellular En, thus that full DPP signaling requires En
secretion [27]. We have not deciphered the mechanism in
detail but could verify that embryos heterozygote for En and
DPP do not form an ACV, genetically confirming an interac-
tion between the En and DPP signaling pathways [27].

Interactions between HP signaling and classical signaling
pathways were also found in vertebrates in the case of axon
guidance by extracellular Engrailedl (Enl) and Engrailed2
(En2) (interaction with EphrinA5 signaling) [29] and the
regulation of oligodendrocyte precursor (OPC) migration by
Pax6 (interaction with Netrin signaling) [30]. The scheme of
(Fig. 6) describes our present understanding of these interac-
tions. Seemingly, HP signaling by itself is insufficient in
absence of an associated growth factor or morphogen (loss
of function). Conversely, it becomes unnecessary when the
associated classical signaling pathway is over-active (mas-
sive gain of function). This implies that HP transduction
works at physiological concentrations of the associated fac-
tor by enhancing its activity. Because most experiments done
in vitro or in vivo are based on loss and gain of function it is
not surprising that HP signaling has escaped the attention of
many investigators.
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Fig. (5). Extracellular Engrailed is a morphogen for anterior cross
vein formation in the Drosophila wing disk. The anterior cross vein
(ACV) crosses the Patched domain (where Engrailed is expressed)
and the DPP domain (where Engrailed is not expressed). A single
chain antibody against Engrailed (scFv, yellow) secreted by the
DPP domain neutralizes Engrailed (EN, green) produced by the
Patched domain. As a result the ACV is not formed, demonstrating
an extracellular morphogenetic function of Engrailed.
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Fig. (6). Synergy between HP and bona fide signalling. The finding
illustrated here (see text for references) is that HP signaling syner-
gizes with classical signaling factors expressed at physiological
concentrations. In absence or gain of function of classical signaling
HP signaling is useless.

AXON GUIDANCE

Axon guidance, as all guidance phenomena, relies on the
ability of the moving entity, here the growth cone, to read
directional cues expressed within reach of its filopodia [31-
33]. The cues, attractive or repulsive, are often expressed in
gradients, and the most popular example of such a graded
expression is provided by EphrinA5 with its anterior
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(A)/low: posterior (P) /high expression along the AP axis of
the superior colliculus (Sc)/tectum [34]. Because there is a
corresponding nasal-temporal graded expression of EphA2
(an EphrinA5 receptor) in the retinal ganglion cells (RGCs)
and at the levels of their growth cones, this leads to the pro-
jection of the Temporal-Nasal axis of the retina onto the AP
axis of the tectum (Fig. 7). Indeed above a certain level of
EphrinA5/EphA activity, the axons stop progressing due to
RhoA activation and the ensuing growth cone collapse [35].
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Fig. (7). Engrailed guiding activity for Retinal Ganglion Cells. A.
Scheme of the retina/tectum patterning illustrating the projection of
the nasal-temporal axis of the retina on the posterior-anterior axis of
the tectum. In the tectum EphrinA5 shows an anterior/low and pos-
terior/high graded expression due to the same graded expression of
Engrailed (Enl and En2) that regulates EphrinA5 expression. In the
retina EphA2 (a EphrinA5 receptor) shows a graded expression
(nasal/low and temporal/high) that is preserved at the level of
growth cones. B. Scheme of the role of En1/2 as a guidance factor
for RGC axons. En1/2 in the tectum regulates EphrinA5 expression
(cell autonomous activity). It is also secreted (graded extracellular
expression) and transfers into the growth cones (blue line) where it
regulates the translation of factors necessary for EphrinA5/EphA2
signaling to take place.

The graded expression of EphrinA5 in the tectum is un-
der the control of the graded expression of Enl and En2 (col-
lectively En1/2), leading us to speculate that En1/2 may par-
ticipate in axon guidance. (Fig. 7) summarizes our recently
published finding that En1/2 shows a graded A-low: P-high
expression at the surface of the tectum. Neutralizing ex-
tracellular En1/2 with electroporated saEN leads to the mis-
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guidance of temporal axons that aberrantly migrate onto the
posterior part of the tectum, confirming the role of this HP in
guidance [29]. Studies in vitro demonstrate that the latter
axon guidance requires Enl/2 internalization and the local
translation of several mMRNAs with no immediate necessity
for transcriptional activity [36].

In the context of reconciling En1/2 and EphrinA5 signal-
ing, we analyzed the response of temporal growth cones to
increasing concentrations of EphrinA5 and determined a sub
threshold concentration at which no repulsion or collapse
was measurable [36]. Adding inefficient nM amounts of
Enl/2 to EphrinA5 at sub threshold concentrations reacti-
vated repulsion, reinforcing the cooperation concept pro-
posed in (Fig. 6). Interestingly, this cooperation requires
Enl1/2 internalization (not observed with an internalization
mutant) and local protein synthesis (not observed with pro-
tein synthesis inhibitors and not affected by transcription
inhibitors) [29].

LOCAL PROTEIN TRANSLATION

The implication of local protein translation is reminding
of Bicoid as a regulator of Caudal mRNA translation in fly
development [37-39]. In this system, Bicoid was defined as a
morphogen acting non-cell autonomously (the fly is a syncit-
ium at this stage) [40, 41] and regulating translation [37-39].
The ability of HPs to regulate translation seems to be de-
pendent on their association with elF4E, a translation initia-
tion factor for capped mRNAs [42]. On the basis of the con-
servation of a elF4E-binding domain, it has been proposed
that over 200 HPs can bind elF4E, thus regulate translation
and we have verified the existence of such an interaction for
Emx2, En2 and Otx2 [43].

It was important to identify which mRNAs are translated
in the growth cones upon En1/2 internalization. To that end
RGC growth cones, isolated from E14.5 mouse tectum, were
incubated with or without En1 and the protein entering trans-
lation identified by isolating polysomes or purifying neo-
synthesized proteins for mass spectroscopy. The results of
these analyses were extremely striking as over 60% of the
targets participate in mitochondrial physiology [44, 45]. This
might not be so surprising as most mitochondrial mMRNAs
are transcribed in the nucleus and anchored at the surface of
mitochondria as they travel at diverse points of the cell,
including the growth cones and the sub-synaptic
compartment. These mRNAs need the eukaryotic protein
synthesis apparatus and are thus necessarily translated
locally before import into mitochondria (Fig. 8A).

Among the most highly regulated proteins are Ndufsl
and Ndufs3, two complex | proteins, resulting in ATP syn-
thesis [44]. We found that this newly-synthesized ATP is
secreted and degraded into Adenosine resulting in an activa-
tion of Adenosine receptor 1 (AR1). The entire process takes
less than 100 seconds on average and is necessary for the
EphrinA5 response [45]. In fact, blocking AR1 blocks Eph-
rinA5 activity and adding an AR1 agonist permits the col-
lapse of temporal growth cones at sub threshold EphrinA5
concentrations in absence of Enl. Taken together, this means
that the cooperation between Enl and EphrinA5 requires
Enl-induced ATP synthesis and AR1 activation (Fig. 8B).
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Fig. (8). Mitochondrial activity and multi-signaling synergy. A.
Enl/2 internalized by the growth cones regulates the translation of
nucleus-encoded mitochondrial mRNAs. The proteins (primarily
Ndufsl and Ndufs3) are imported and induce ATP synthesis. B.
ATP synthesized following En1/2 regulation of complex 1 activity
is secreted and degraded into Adenosine (not illustrated). This al-
lows the stimulation of AR1 Adenosine receptors. It is this stimula-
tion that allows the synergy between Enl/2 signaling and Eph-
rinA5/EphA2 signaling (see text for description and references).

If we now come back to an evolutionary viewpoint and
consider the possibility that HPs were invented before sig-
naling molecules, then a logical conclusion would be that
ATP synthesis regulation may have been one of the first
function of HPs as translation regulators. This would make
the non-cell autonomous regulation of ATP synthesis the
first signal transduction mechanism in the evolution of sig-
naling. Needless to say such a regulation of local metabolism
may also apply to HP cell autonomous functions, including
the regulation of cell motility.

REGULATION OF A CRITICAL PERIOD OF PLAS-
TICITY IN THE VISUAL CORTEX

HPs are not only expressed early in development but also
postnatally and in the adult. If we think of the non-
autonomous activity of Enl on the translation of proteins
involved in mitochondrial activity, transfer at the synaptic
level may be an important regulator of axon maintenance.
The latter possibility has recently been suggested by the
finding that Enl-regulated Lamin B synthesis allows axon
maintenance in the adult frog [46]. In fact, given the high
energy levels required to maintain ionic gradients through
the Na+/K+ ATPase activity, it is possible that HP transfer in
the adult participates in synaptic metabolism and activity.
This might be an important issue as many neurological and
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psychiatric diseases have a strong metabolic facet [47-51].
Before coming back to this point, | will describe a study
achieved in collaboration with the group of Takao Hensch
that has attracted our attention toward the possibility that HP
signaling may allow us to better understand some aspects of
brain physiopathology.

During its post-natal development the cerebral cortex
goes through a series of critical periods (CPs) during which
it adapts to the extracellular environment. Since the pioneer-
ing work of Hubel and Wiesel CP for binocular vision has
developed as the most studied example of cerebral cortex
plasticity [52, 53]. RGCs from binocular retina project onto
the dorsal thalamus where relaying thalamic neurons project
onto layer 3/4 of the binocular visual cortex (Fig. 9) to form
synapses with a specific class of inhibitory fast-spiking in-
terneurons. These interneurons synthesize parvalbumin (why
they are called PV-cells) and are surrounded by glycosami-
noglycan (GAG)-rich perineuronal nets (PNNs) that can be
specifically decorated by the Wisteria floribunda lectin
(WFA) (Fig. 10A).
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Fig. (9). Eye competition in layer 3/4 of the binocular visual cortex.
On the left side is illustrated the normal situation when the two eyes
are competing during the critical period (CP). In the mouse the
contralateral eye (C, green) is dominant and occupies more space
than the ipsilateral eye (I, red) in layers 3/4 of the binocular visual
cortex. The right side illustrates the shift in ocular dominance when
the contralateral eye is closed during CP. This shift does not take
place if the eye is closed before CP opening or after CP closure.

In the mouse, PV-cell maturation marked by PV synthe-
sis and PNN assembly takes place between P20 and P40,
defining the CP for binocular vision. During this period,
closing an eye leads to the withdrawal of the corresponding
terminals in layers 3/4 of the binocular visual cortex. These
terminals are replaced by terminals from the other eye, lead-
ing to an irreversible loss of visual acuity (amblyopia) for the
closed eye (Fig. 9). Closing the eye before of after CP has no
effect on visual acuity. PV-cells form synapses on the cell
body of pyramidal cells in layer 5 of the cortex and their
maturation shifts the excitatory/inhibitory (E/I) balance to-
ward inhibition (Fig. 10A).

In the course of our study on Otx2 expression in the cor-
tex we observed that the amount of Otx2 in PV-cells corre-
lates with their maturation (PV expression and WFA stain-

A. Prochiantz

ing) [54]. We also found that Otx2 was imported into PV-
cells as the Otx2 locus is totally inactive at post-natal stages
in the cerebral cortex. This led us to infuse Otx2 into the
visual cortex and to show that it is specifically captured by
PV-cells and turns on their maturation. This experiment, plus
loss of function approaches, allowed us to establish that Otx2
is necessary and sufficient to open CP at P20 and close it at
P40.

REOPENING PLASTICITY IN THE ADULT VISUAL
CORTEX

It came as a surprise that Otx2 infused in the visual cor-
tex is specifically captured by PV-cells and excluded from
most other cell types [54]. This suggested that PV-cells ex-
press a binding site for Otx2 and, conversely, that Otx2 pre-
sents a specific domain allowing PV-cell recognition. As
already underscored PV-cells are surrounded by PNNSs rich
in proteoglycans (PGs) and GAGs providing a possible sub-
strate for Otx2 recognition. This hypothesis was verified
thanks to the hydrolysis of the GAGs by the infusion of
Chondroitinase ABC (ChABC) and the observed conse-
quence of a decreased accumulation of endogenous Otx2 by
PV-cells [55]. This led us to identify within Otx2 a GAG-
binding domain which is necessary for the recognition of
PV-cells by this HP. This sequence RKQRRERTTFTRAQL
was mutated into AAQRRERTTFTRAQL leading to a loss
in internalization specificity and the uptake of Otx2 by di-
verse cell types in addition to PV-cells. As another HP (En2)
is not specifically captured by PV-cells, this raises the possi-
bility of a sugar code for HP recognition [55].

The affinity of the RK peptide for disulfated Chon-
droitine Sulfates (CS-D and CS-E) is in the nM range, sug-
gesting that it could be used as an antagonist for the in vivo
capture of endogenous Otx2 by PV cells. This is indeed the
case and in contrast with the AA-peptide or an RK-
scrambled peptide, the infused RK-peptide blocks endoge-
nous Otx2 capture by PV-cells [55] (Fig. 10A). Accordingly,
it was reported that mutating sulfotransferases responsible
for the synthesis of CS-D/E decreases the endogenous uptake
of Otx2 by PV-cells in the mouse visual cortex, giving fur-
ther weight to the idea that these complex sugars are true
binding sites for Otx2 [56]. Most importantly, we observed
that blocking Otx2 import in the adult and thus decreasing its
concentration within PV-cells has a strong effect on PV ex-
pression and PNN assembly as if PV-cells were rejuvenated
[55]. The latter biochemical "rejuvenating” effect of block-
ing Otx2 capture by PV-cells is associated with the reopen-
ing of a period of plasticity. This was shown in two models.
In a first model we closed one eye in mice previously in-
fused the RK-peptide, thus with a diminished Otx2 content
in PV-cells. Normally this does not lead to a decrease of vis-
ual acuity since CP for binocular vision is closed in the adult.
However, following RK-peptide infusion, eye closure led to
a loss in visual acuity demonstrating a transient recovery of
plasticity. More interestingly, infusing the RK-peptide in
amblyopic mice restored normal visual acuity, thus curing
the mice from a neurodevelopmental disease [55].

The origin of Otx2 will not be fully discussed in this re-
view. We have shown that biotinylated Otx2 injected in the
eye is transported to PV-cells thanks to the passage of sev-
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eral synapses, but they are probably other sources [54, 57].
One putative source is the choroid plexus that expresses
Otx2 throughout life [54, 57] and our preliminary experi-
ments do suggest a contribution of this structure to PV-cell
Otx2 content. The latter possibility is of interest as Otx2 is
not present only in PV-cells from the visual cortex but
throughout the cerebral cortex, suggesting that the control of
plasticity by this HP, demonstrated in the visual cortex,
could be of a more general value. This will be explored in
the years to come within the context of a function of PV-cell
number and maturation in psychiatric diseases [48]. At this
point the results summarized above allow me to propose a
two-step model in CP opening, closure and reopening in the
cerebral cortex. This model illustrated in (Fig. 10B) stipu-
lates that Otx2 progressively captured by PV-cells reaches a
first concentration threshold that opens plasticity and, later
on, a second one that closes plasticity. Maintaining Otx2
above the second threshold keeps the circuits in a non-plastic
state with a low E/I balance but going backward can reduce
inhibition and reopen plasticity. In this adapted version of
Wolpert's "French Flag" model [58] where space is replaced
by time, plasticity is a default state that has to be repressed
by the continuous internalization of Otx2.
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Fig. (10). Regulation of the Excitatory/Inhibitory balance by Otx2
transfer. A. Otx2 binds PNNs through its GAG-binding domain
(RK domain) and is internalized by PV-cells. Before CP opening or
during CP, this internalization drives PV-cell maturation and en-
hances its inhibition strength upon Pyramidal cells, inducing a shift
in the excitatory/inhibitory (E/I) balance. Infusing the RK peptide
(the Otx2 PNN-binding domain) decreases Otx2 internalization and
reopens a period of plasticity. B. According to this 2 threshold
model, the accumulation of Otx2 (green arrow) opens at P20
(threshold 1) and closes at P40 (threshold 2) a critical period for
plasticity. The permanent transfer of Otx2 maintains plasticity in a
closed state throughout adulthood. Infusing the RK-peptide (A)
blocks Otx2 internalization in the adult and reopens a period of
plasticity (red arrow).

THERAPEUTIC PROTEINS

To shift gear temporarily, | will describe the use of HPs
as potential therapeutic proteins. The cell penetrating peptide
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Penetratin, derived from the HD third helix and used to de-
liver hydrophilic agents into the cell interior has opened the
field of transduction peptides that has been reviewed several
times [15, 18]. In contrast the use of full-length HPs as
therapeutic tools has not attracted the attention that it may
deserve. The first use of a HP in a "therapeutic context" was
reported in 2003 with the ability of HoxB4 to enhance the
proliferation of hematopoietic precursors [59]. In the same
context of progenitor proliferation or differentiation one can
cite the recent work on Pdx1 that drives human Embryonic
stem cells into insulin producing cells [60].

In our own laboratory, we have analyzed the use of Otx2
in RGC survival in a mouse model of glaucoma. We showed
that Otx2 injected into the eye cup and internalized by the
cells saves RGCs and that this protection preserves visual
acuity measured in the optomotor test [61]. Studies in vitro
allowed us to establish that the protein acts at low concentra-
tions (below 3 nM) and that its activity requires its internali-
zation. Similarly, Engrailed survival effect was analyzed for
the mesencephalic dopaminergic (mDA) neurons. mDA neu-
rons from the Substantia Nigra (SN) and Ventral Tegmental
Area (VTA) that die in Parkinson Disease (PD) express Enl
and En2 in the adult and experience progressive mDA cell
death in a Enl1+/- mouse line [62]. As in PD, neuronal death
is more accentuated in the SN than in the VTA with 40 and
20% death, respectively, after one year and leads to the mo-
tor and non-motor behavior deficits observed in the human
disease. The two death rates correspond to what is normally
observed in PD, leading us to speculate that Enl might be in
the "PD pathway". Enl or En2 infused into the brain at the
level of the SN was internalized by the cells and blocked cell
death [62].

This was not so surprising as it consisted in rescuing a
genetic loss of function by a pharmacological gain of func-
tion. This is why the effect of En1 was further tested in 3 PD
classical models: 6-hydroxi-dopamine, MPTP and alpha-
A30P-synuclein toxicity. In the 3 models, Enl protected the
mice both promoting mDA neuron survival and increasing
the amount of dopamine synthesized per cell [44]. This pro-
tection was also followed at the behavior level. Most drugs
that affect mDA survival act at the level of mitochondrial
complex I [63, 64]. Since we had observed that En1 and En2
enhance the translation of Ndufsl and Ndufs3, we verified if
blocking Ndufsl translation with the help of siRNAs would
hamper Enl pro-survival activity and found that this is in-
deed the case. Accordingly we observed that the amount of
Ndufsl and Ndufs3 is reduced by 30% in the mDA neurons
of one year old En1+/- mice.

PERSPECTIVES

The finding that HPs are signaling molecules raises many
issues that will need to be addressed in the future and cannot
all be listed. Many of them may still be to identify as it is
impossible to embrace the consequences of having 200 to
300 novel signaling molecules to be added to the repertoire
of established signaling entities. However one can tentatively
discuss some cell biological, developmental and physiologi-
cal issues.

At the cell biological level, the precise mechanisms of
secretion and internalization still need to be dissected. Secre-
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tion is not blocked by brefeldin A, thus does not involve the
ER-Golgi pathway, and they are presently more hypotheses
than solid data to explain non-canonical secretion. This holds
true for HPs but also for many other proteins secreted in the
absence of a signal peptide, like TAT transcription factor,
IL1R, thioreduxin and a few others. Moreover the regulation
of secretion and why a passage through the nucleus is seem-
ingly necessary needs to be explored [21]. Internalization is
also quite mysterious [12, 13]. Mutations were identified in
the third helix of the HD (Penetratin) that block internaliza-
tion of this 16 amino-acid long peptide and the same muta-
tions also block HP internalization suggesting shared
mechanisms. HPs can be captured in absence of endocytosis
and, even if endocytosis takes place in some conditions or
for some HPs, the endosomal membrane must also be trans-
duced to permit access to the cytoplasm and nucleus. The
best explanation, based on phosphorus NMR [65], is a HP-
induced transient disturbance of the lipid bilayer possibly
followed by rapid repair, either spontaneous or enzymatic as
is the case for muscle fibers [66].
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Fig. (11). Cell biological agenda for HP signalling. Following se-
cretion through a still not fully understood pathway, HPs must rec-
ognize their target cells and complex sugars of the glycosaminogly-
can (GAG) family are probably involved raising the "sugar code"
issue. Internalization is not well understood and probably involves a
local an transient destabilization of the membrane followed by rapid
repair. Within the cells, HPs have translational and transcriptional
targets that need to be identified and an epigenetic activity that
remains to be fully characterized. HP signaling in the best known
cases synergizes with other signaling pathways that might vary
depending on the situation (type of HP, type of target cell, age, etc).
Finally, in the case of Engrailed and Otx2, internalization is fol-
lowed by the translation of mitochondrial MRNAs and ATP synthe-
sis and secretion and it is not known whether this can be general-
ized to all other transducing HPs.

Still at the cell biological level, one has to identify the
HP receptors or binding sites. In the case of Otx2 they are
provided by GAGs that dictate the specificity of recognition
[55, 56]. Sequences homologous to the GAG-binding do-
main identified in Otx2 are present in most HPs, suggesting
the existence of a sugar code for HP recognition. Confirming
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the existence of such a code and cracking it is indeed high on
the priority list. This list can be completed with the questions
illustrated in (Fig. 11). First, is the co-signaling concept and
the regulation of ATP synthesis a general property of signal-
ing HPs? Second what are the non-cell autonomous targets?
This includes the two levels of transcription and translation
regulation. Third, on the basis of the long lasting effect of
Enl treatment on mice behavior (unpublished data), it is pos-
sible that HPs exert their activity also at the epigenetic level.
Based on preliminary experiments, we speculate that some
HPs, at least, are active in the regulation of CpG methyla-
tion, histone modifications and, more generally, in the regu-
lation of chromatin structure and genome stability. Investi-
gating the latter points is on our agenda.
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Fig. (12). Early developmental role of HP transfer: a hypothesis. A.
Vertical induction of positional information between two layers, for
example the mesoderm and the neurectoderm. In this scheme HPs
expressed in one layer are transported into an abutting layer and
induce compartmentalization. B. Planar induction whereby the pro-
tein induces its own expression in abutting cells and thus spreads
and increases the size of its own territory. C. A boundary can form
where two "infectious" HPs with self-activating and reciprocal in-
hibitory activities meet.

Developmental issues are also numerous. In a 2003 re-
view we had proposed a role of HP transfer in guidance and,
more generally, in the transfer of positional information (e.g.
between mesoderm and neuro-ectoderm) and in compart-
mentalization of the cortex [14]. Guidance was studied since
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it is simpler to work at late developmental stages than at very
early developmental stages. We however used the zebrafish
model to express an extracellular anti-Pax6 single-chain an-
tibody in vivo or infuse a polyclonal anti-Pax6 antibody in
the blastula and observed that this leads to a reduced eye
field [67]. These data were interpreted as a support to the
idea that HPs are infectious proteins (Fig. 12). Very often, at
either side of a boundary, HPs with self-activating and recip-
rocal inhibitory activities are expressed, and modifying the
expression of one of the two HPs also modifies boundary
position. This is illustrated, among many other cases, by the
role of the Otx2/Gbx2 balance in the positioning of the mid-
brain-hindbrain boundary [68, 69]. This has led us to pro-
pose a function of non-cell autonomous HP activity in the
compartmentalization of the neuroepithelium illustrated in
(Fig. 12) [70]. Although provocative and exciting this hy-
pothesis is difficult to test due to the very early stages at
which these events take place and also because the transfer
sequences are in the HD, forbidding to produce mutants in
which only the non-cell autonomous activities would be lost.
This is why we have now developed mouse lines in which
extracellular antibody expression will be induced at desired
time and place. This will allow us to study the consequences
of blocking HP extracellular activity at very early develop-
mental periods.

CONFLICT OF INTEREST

The authors confirm that this article content has no con-
flicts of interest.

ACKNOWLEDGEMENTS

This work was supported by Collége de France, Centre
National de la Recherche Scientifique (CNRS) and Institut
National de la Santé et de la Recherche Médicale (IN-
SERM). Support From Agence Nationale pour la Recherche
(ANR-10-BLAN-141-01 & ANR-11-BLAN-069467) and
Global Research Laboratory Program (2009-00424) from the
Korean Ministry of Education is also acknowleged. | thank
France Maloumian for her help with Figure design.

REFERENCES

[1] Denis-Donini, S.; Glowinski, J.; Prochiantz, A., Glial heterogeneity
may define the three-dimensional shape of mouse mesencephalic
dopaminergic neurones. Nature 1984, 307 (5952), 641-3.

[2] Chamak, B.; Fellous, A.; Glowinski, J.; Prochiantz, A., MAP2
expression and neuritic outgrowth and branching are coregulated
through region-specific neuro-astroglial interactions. J Neurosci
1987, 7 (10), 3163-70.

[3] Gehring, W. J., Homeo Boxes in the study of development. Science
1987, 236, 1245-1252.

[4] Shepherd, J. C.; McGinnis, W.; Carrasco, A. E.; De Robertis, E.
M.; Gehring, W. J., Fly and frog homoeo domains show homolo-
gies with yeast mating type regulatory proteins. Nature 1984, 310
(5972), 70-1.

[5] Qian, Y. Q.; Billeter, M.; Otting, G.; Muller, M.; Gehring, W. J.;
Wauthrich, K., The structure of the Antennapedia homeodomain de-
termined by NMR spectroscopy in solution: comparison with pro-
karyotic repressors. Cell 1989, 59 (3), 573-80.

[6] Le Roux, I.; Duharcourt, S.; Volovitch, M.; Prochiantz, A.; Ronchi,
E., Promoter-specific regulation of gene expression by an exoge-
nously added homedomain that promotes neurite growth. FEBS
Lett 1995, 368 (2), 311-4.

[7] Joliot, A.; Pernelle, C.; Deagostini-Bazin, H.; Prochiantz, A., An-
tennapedia homeobox peptide regulates neural morphogenesis.
Proc. Natl. Acad. Sci. USA 1991, 88, 1864-1868.

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Current Genomics, 2013, Vol. 14, No. 6 369

Le Roux, |.; Joliot, A. H.; Bloch-Gallego, E.; Prochiantz, A.; Vo-
lovitch, M., Neurotrophic activity of the Antennapedia homeodo-
main depends on its specific DNA-binding properties. Proc Natl
Acad Sci U S A 1993, 90 (19), 9120-4.

Bloch-Gallego, E.; Le Roux, l.; Joliot, A. H.; Volovitch, M.;
Henderson, C. E.; Prochiantz, A., Antennapedia homeobox peptide
enhances growth and branching of embryonic chicken motoneurons
in vitro. J Cell Biol 1993, 120 (2), 485-92.

Chatelin, L.; Volovitch, M.; Joliot, A. H.; Perez, F.; Prochiantz, A.,
Transcription factor hoxa-5 is taken up by cells in culture and con-
veyed to their nuclei. Mech Dev 1996, 55 (2), 111-7.

Joliot, A.; Trembleau, A.; Raposo, G.; Calvet, S.; Volovitch, M.;
Prochiantz, A., Association of Engrailed homeoproteins with vesi-
cles presenting caveolae-like properties. Development 1997, 124
(10), 1865-75.

Maizel, A.; Bensaude, O.; Prochiantz, A.; Joliot, A., A short region
of its homeodomain is necessary for engrailed nuclear export and
secretion. Development 1999, 126 (14), 3183-90.

Maizel, A.; Tassetto, M.; Filhol, O.; Cochet, C.; Prochiantz, A,;
Joliot, A., Engrailed homeoprotein secretion is a regulated process.
Development 2002, 129 (15), 3545-53.

Prochiantz, A.; Joliot, A., Can transcription factors function as cell-
cell signalling molecules? Nat Rev Mol Cell Biol 2003, 4 (10), 814-
9

Joliot, A.; Prochiantz, A., Transduction peptides: from technology
to physiology. Nat Cell Biol 2004, 6 (3), 189-96.

Brunet, I.; Di Nardo, A. A.; Sonnier, L.; Beurdeley, M.; Prochiantz,
A., The topological role of homeoproteins in the developing central
nervous system. Trends Neurosci 2007, 30 (6), 260-7.

Spatazza, J.; Di Lullo, E.; Joliot, A.; Dupont, E.; Moya, K. L.;
Prochiantz, A., Homeoprotein signaling in development, health,
and disease: a shaking of dogmas offers challenges and promises
from bench to bed. Pharmacol Rev 2013, 65 (1), 90-104.

Derossi, D.; Chassaing, G.; Prochiantz, A., Trojan peptides: the
penetratin system for intracellular delivery. Trends Cell Biol 1998,
8 (2), 84-7.

Derossi, D.; Joliot, A. H.; Chassaing, G.; Prochiantz, A., The third
helix of the Antennapedia homeodomain translocates through bio-
logical membranes. J Biol Chem 1994, 269 (14), 10444-50.
Dupont, E.; Prochiantz, A.; Joliot, A., Identification of a signal
peptide for unconventional secretion. J Biol Chem 2007, 282 (12),
8994-9000.

Tassetto, M.; Maizel, A.; Osorio, J.; Joliot, A., Plant and animal
homeodomains use convergent mechanisms for intercellular trans-
fer. EMBO Rep 2005, 6 (9), 885-90.

Ruiz-Medrano, R.; Xoconostle-Cazares, B.; Kragler, F., The plas-
modesmatal transport pathway for homeotic proteins, silencing sig-
nals and viruses. Curr Opin Plant Biol 2004, 7 (6), 641-50.

Kim, J. Y.; Rim, Y.; Wang, J.; Jackson, D., A novel cell-to-cell
trafficking assay indicates that the KNOX homeodomain is neces-
sary and sufficient for intercellular protein and mRNA trafficking.
Genes Dev 2005, 19 (7), 788-93.

Bolduc, N.; Hake, S.; Jackson, D., Dual functions of the KNOT-
TED1 homeodomain: sequence-specific DNA binding and regula-
tion of cell-to-cell transport. Sci Signal 2008, 1 (23), pe28.

Lee, J. H.; Lin, H.; Joo, S.; Goodenough, U., Early sexual origins
of homeoprotein heterodimerization and evolution of the plant
KNOX/BELL family. Cell 2008, 133 (5), 829-40.

Derelle, R.; Lopez, P.; Le Guyader, H.; Manuel, M., Homeodomain
proteins belong to the ancestral molecular toolkit of eukaryotes.
Evol Dev 2007, 9 (3), 212-9.

Layalle, S.; Volovitch, M.; Mugat, B.; Bonneaud, N.; Parmentier,
M. L.; Prochiantz, A.; Joliot, A.; Maschat, F., Engrailed
homeoprotein acts as a signaling molecule in the developing fly.
Development 2011, 138 (11), 2315-23.

de Celis, J. F., Expression and function of decapentaplegic and
thick veins during the differentiation of the veins in the Drosophila
wing. Development 1997, 124 (5), 1007-18.

Wizenmann, A.; Brunet, I.; Lam, J. S. Y.; Sonnier, L.; Beurdeley,
M.; Zarbalis, K.; Weisenhorn-Vogt, D.; Weiln, C.; Dwivedy, A,;
Joliot, A.; Wurst, W.; Holt, C.; Prochiantz, A., Extracellular En-
grailed participates in the topographic guidance of retinal axons in
vivo. Neuron 2009, 64, 355-366.

Di Lullo, E.; Haton, C.; Le Poupon, C.; Volovitch, M.; Joliot, A;
Thomas, J. L.; Prochiantz, A., Paracrine Pax6 activity regulates
oligodendrocyte precursor cell migration in the chick embryonic



370 Current Genomics, 2013, Vol. 14, No. 6

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

neural tube. Development 2011, 138 (22), 4991-5001.

Patel, B. N.; Van Vactor, D. L., Axon guidance: the cytoplasmic
tail. Curr Opin Cell Biol 2002, 14 (2), 221-9.

McLaughlin, T.; O'Leary, D. D., Molecular gradients and develop-
ment of retinotopic maps. Annu Rev Neurosci 2005, 28, 327-55.
Flanagan, J. G., Neural map specification by gradients. Curr Opin
Neurobiol 2006, 16 (1), 59-66.

Logan, C.; Wizenmann, A.; Drescher, U.; Monschau, B.; Bonhoef-
fer, F.; Lumsden, A., Rostral optic tectum acquires caudal charac-
teristics following ectopic engrailed expression. Curr Biol 1996, 6
(8), 1006-14.

Yuan, X. B.; Jin, M.; Xu, X.; Song, Y. Q.; Wu, C. P.; Poo, M. M.;
Duan, S., Signalling and crosstalk of Rho GTPases in mediating
axon guidance. Nat Cell Biol 2003, 5 (1), 38-45.

Brunet, 1.; Weinl, C.; Piper, M.; Trembleau, A.; Volovitch, M.;
Harris, W.; Prochiantz, A.; Holt, C., The transcription factor En-
grailed-2 guides retinal axons. Nature 2005, 438, 94-98.
Rivera-Pomar, R.; Niessing, D.; Schmidt-Ott, U.; Gehring, W. J,;
Jackle, H., RNA binding and translational suppression by bicoid.
Nature 1996, 379 (6567), 746-9.

Dubnau, J.; Struhl, G., RNA recognition and translational
regulation by a homeodomain protein. Nature 1996, 379 (6567),
694-9.

Mayfield, S., Double agent: translational regulation by a transcrip-
tion factor. Chem Biol 1996, 3 (6), 415-8.

Driever, W.; Nusslein-Volhard, C., A gradient of bicoid protein in
Drosophila embryos. Cell 1988, 54 (1), 83-93.

Driever, W.; Nusslein-Volhard, C., The bicoid protein determines
position in the Drosophila embryo in a concentration-dependent
manner. Cell 1988, 54 (1), 95-104.

Topisirovic, I.; Borden, K. L., Homeodomain proteins and eukary-
otic translation initiation factor 4E (elF4E): an unexpected relation-
ship. Histol Histopathol 2005, 20 (4), 1275-84.

Nedelec, S.; Foucher, I.; Brunet, I.; Bouillot, C.; Prochiantz, A,;
Trembleau, A., Emx2 homeodomain transcription factor interacts
with eukaryotic translation initiation factor 4E (elF4E) in the axons
of olfactory sensory neurons. Proc Natl Acad Sci U S A 2004, 101
(29), 10815-20.

Alvarez-Fischer, D.; Fuchs, J.; Castagner, F.; Stettler, O.; Massiani-
Beaudoin, O.; Moya, K. L.; Bouillot, C.; Oertel, W. H.; Lombes,
A.; Faigle, W.; Joshi, R. L.; Hartmann, A.; Prochiantz, A., En-
grailed protects mouse midbrain dopaminergic neurons against mi-
tochondrial complex I insults. Nat Neurosci 2011, 14 (10), 1260-6.
Stettler, O.; Joshi, R. L.; Wizenmann, A.; Reingruber, J.; Holcman,
D.; Bouillot, C.; Castagner, F.; Prochiantz, A.; Moya, K. L., En-
grailed homeoprotein recruits the adenosine Al receptor to potenti-
ate ephrin A5 function in retinal growth cones. Development 2012,
139 (1), 215-24.

Yoon, B. C.; Jung, H.; Dwivedy, A.; O'Hare, C. M.; Zivraj, K. H.;
Holt, C. E., Local translation of extranuclear lamin B promotes
axon maintenance. Cell 2012, 148 (4), 752-64.

Do, K. Q.; Cabungcal, J. H.; Frank, A.; Steullet, P.; Cuenod, M.,
Redox dysregulation, neurodevelopment, and schizophrenia. Curr
Opin Neurobiol 2009, 19 (2), 220-30.

Lodge, D. J.; Behrens, M. M.; Grace, A. A., A loss of parvalbumin-
containing interneurons is associated with diminished oscillatory
activity in an animal model of schizophrenia. J Neurosci 2009, 29
(8), 2344-54.

Insel, T. R., Rethinking schizophrenia. Nature 2010, 468 (7321),
187-93.

Uhlhaas, P. J.; Roux, F.; Rodriguez, E.; Rotarska-Jagiela, A.;
Singer, W., Neural synchrony and the development of cortical net-
works. Trends Cogn Sci 2010, 14 (2), 72-80.

Uhlhaas, P. J.; Singer, W., Abnormal neural oscillations and syn-
chrony in schizophrenia. Nat Rev Neurosci 2010, 11 (2), 100-13.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

A. Prochiantz

Wiesel, T. N.; Hubel, D. H., Effects Of Visual Deprivation On
Morphology And Physiology Of Cells In The Cats Lateral Genicu-
late Body. J Neurophysiol 1963, 26, 978-93.

Wiesel, T. N.; Hubel, D. H., Comparison of the effects of unilateral
and bilateral eye closure on cortical unit responses in kittens. J
Neurophysiol 1965, 28 (6), 1029-40.

Sugiyama, S.; Di Nardo, A. A.; Aizawa, S.; Matsuo, I.; Volovitch,
M.; Prochiantz, A.; Hensch, T. K., Experience-dependent transfer
of Otx2 homeoprotein into the visual cortex activates postnatal
plasticity. Cell 2008, 134 (3), 508-20.

Beurdeley, M.; Spatazza, J.; Lee, H.; Sugiyama, S.; Bernard, C.; Di
Nardo, A. A.; Hensch, T. K.; Prochiantz, A., Otx2 binding to per-
ineuronal nets persistently regulates plasticity in the mature visual
cortex. J. Neurosci. 2012, 32 (27), 9429-9437.

Miyata, S.; Komatsu, Y.; Yoshimura, Y.; Taya, C.; Kitagawa, H.,
Persistent cortical plasticity by upregulation of chondroitin 6-
sulfation. Nat Neurosci 2012.

Sugiyama, S.; Prochiantz, A.; Hensch, T. K., From brain formation
to plasticity: insights on Otx2 homeoprotein. Dev Growth Differ
2009, 51 (3), 369-77.

Wolpert, L., Positional information and the spatial pattern of cellu-
lar differentiation. J Theor Biol 1969, 25, 1-47.

Amsellem, S.; Pflumio, F.; Bardinet, D.; Izac, B.; Charneau, P.;
Romeo, P. H.; Dubart-Kupperschmitt, A.; Fichelson, S., Ex vivo
expansion of human hematopoietic stem cells by direct delivery of
the HOXB4 homeoprotein. Nat Med 2003, 9 (11), 1423-7.

Liang, Q. L.; Mo, Z,; Li, X. F.; Wang, X. X.; Li, R. M., Pdx1 pro-
tein induces human embryonic stem cells into the pancreatic endo-
crine lineage. Cell Biol Int 2013, 37 (1), 2-10.

Torero Ibad, R.; Rheey, J.; Mrejen, S.; Forster, V.; Picaud, S.;
Prochiantz, A.; Moya, K. L., Otx2 promotes the survival of dam-
aged adult retinal ganglion cells and protects against excitotoxic
loss of visual acuity in vivo. J Neurosci 2011, 31 (14), 5495-503.
Sonnier, L.; Le Pen, G.; Hartmann, A.; Bizot, J. C.; Trovero, F.;
Krebs, M. O.; Prochiantz, A., Progressive loss of dopaminergic
neurons in the ventral midbrain of adult mice heterozygote for En-
grailedl. J Neurosci 2007, 27 (5), 1063-71.

von Bohlen und Halbach, O.; Schober, A.; Krieglstein, K., Genes,
proteins, and neurotoxins involved in Parkinson's disease. Prog
Neurobiol 2004, 73 (3), 151-77.

Parker, W. D., Jr.; Swerdlow, R. H., Mitochondrial dysfunction in
idiopathic Parkinson disease. Am J Hum Genet 1998, 62 (4), 758-
62.

Berlose, J. P.; Convert, O.; Derossi, D.; Brunissen, A.; Chassaing,
G., Conformational and associative behaviours of the third helix of
Antennapedia homeodomain in membrane-mimetic environments.
Eur. J. Biochem. 1996, 242, 372-386.

Cai, C.; Masumiya, H.; Weisleder, N.; Matsuda, N.; Nishi, M;
Hwang, M.; Ko, J. K; Lin, P.; Thornton, A.; Zhao, X.; Pan, Z,;
Komazaki, S.; Brotto, M.; Takeshima, H.; Ma, J., MG53 nucleates
assembly of cell membrane repair machinery. Nat Cell Biol 2009,
11 (1), 56-64.

Lesaffre, B.; Joliot, A.; Prochiantz, A.; Volovitch, M., Direct non-
cell autonomous Pax6 activity regulates eye development in the ze-
brafish. Neural Develop 2007, 2 (1).

Millet, S.; Campbell, K.; Epstein, D. J.; Losos, K.; Harris, E.; Joy-
ner, A. L., A role for Gbx2 in repression of Otx2 and positioning
the mid/hindbrain organizer. Nature 1999, 401 (6749), 161-4.
Simeone, A., Positioning the isthmic organizer where Otx2 and
Gbx2 meet. Trends Genet. 2000, 16, 237-240.

Holcman, D.; Kasatkin, V.; Prochiantz, A., Modeling homeoprotein
intercellular transfer unveils a parsimonious mechanism for gradi-
ent and boundary formation in early brain development. J Theor
Biol 2007, 249 (3), 503-17.





