
856 Research Paper

Identification of a signal sequence necessary for the
unconventional secretion of Engrailed homeoprotein
A. Joliot*, A. Maizel*, D. Rosenberg*, A. Trembleau*, S. Dupas*, M. Volovitch*†

and A. Prochiantz*

Background: Engrailed-1 and Engrailed-2 are homeoproteins — transcription
factors implicated in the morphogenesis of discrete structures. Engrailed
proteins have a role in patterning the midbrain–hindbrain region and are
expressed in the nuclei of rat embryo midbrain–hindbrain cells. We have
previously found that both endogenous and exogenously expressed Engrailed
proteins also associate with membrane regions implicated in signal
transduction and secretion. Within total membrane fractions, a small proportion
of Engrailed — about 5% — is protected against proteinase K proteolysis,
suggesting that Engrailed has access to a luminal compartment. Together with
our finding that homeodomains and homeoproteins can be internalized by live
cells, these observations suggest that Engrailed might act as a polypeptidic
messenger. In order to investigate this possibility, we looked to see if Engrailed
could be secreted.

Results: Engrailed expressed in COS cells can be recovered in abutting
primary neurons and this is dependent on a short sequence in its homeodomain
distinct from ‘classical’ secretion signals. This sequence, which overlaps with
the sequence necessary for Engrailed internalization and which is highly
conserved among homeoproteins, is the first example of an ‘unconventional’
sequence necessary for secretion. Less than 5% of total intracellular Engrailed
is secreted and there is a correlation between secretion and access to the
membrane compartment where the protein is protected against proteinase K.

Conclusions: Our results lend weight to the proposal that Engrailed, and
possibly other homeoproteins, might act as intercellular polypeptidic messengers.

Background
The term homeoprotein defines a class of transcription
factors which have been structurally and functionally con-
served during evolution [1,2]. Homeoproteins have a very
important role during early metazoan development when
they participate in the morphogenesis of discrete embry-
onic territories. Homeoproteins are also implicated in later
developmental stages, in particular in the nervous system,
as illustrated by the effect of distinct mutations on neu-
ronal morphology [3,4], axonal guidance [5,6] and synapto-
genis [7,8]. Homeoproteins bind to specific genomic target
sites using a very highly conserved sequence of 60 amino
acids, the homeodomain [9]. Homeodomains are com-
posed of three alpha helices; the third helix, also called the
recognition helix, binds to specific sequences in the large
groove of double-stranded DNA [9].

Because the homeodomain is so highly conserved, we
have previously used it as a tool to antagonize homeopro-
tein–DNA binding in neurons, using transient mechanical
disruption of the neuronal membrane to allow internaliza-
tion of protein added ex vivo [10]. In the course of these

experiments, we observed that the homeodomain of
Antennapedia, a Drosophila homeoprotein, was sponta-
neously internalized by cells in culture and dispatched to
both the cytoplasm and nucleus [10,11]. This led us to
establish that the third helix of the homeodomain is nec-
essary and sufficient for an ‘unconventional’ internaliza-
tion [12] and to propose that there is a previously
unidentified translocation mechanism that allows the
peptide to gain access directly to the cytoplasm and nuclei
of live cells [13–15].

Within the homeodomain, the third helix is the most con-
served region, raising the possibility that other homeo-
domains and some full-length homeoproteins are also
internalized by live cells and dispatched to their nuclei.
We have demonstrated that this can occur for the home-
odomains of Hoxa-5 [16], Engrailed (G. Mainguy, H.
Ernø, M. Conradt, V. Blanquet, B. Zevnik, M. Karasawa,
F. Vauti, R. Kothary, L. Robel, M.V., A.P. and W. Wurst,
unpublished observations) and Ftz (A.J. and A.P., unpub-
lished observations) as well as for full-length Hoxa-5 [16],
Hoxc-8 (M.V. and A.P., unpublished observations) and
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Engrailed (A.J. and A.P., unpublished observations and
this report).

The demonstration that full-length homeoproteins can be
internalized led us to consider that, in some circum-
stances, homeoproteins might have a paracrine activity,
which would imply that they are secreted —without the
use of the classical signal sequence — and then internal-
ized by other cells. The fact that homeoprotein activity is
notoriously cell-autonomous, however, and the current
absence of data supporting paracrine activity in vivo sug-
gests that, if homeoproteins do have paracrine activity, it
cannot be massive or even general. In order to define the
key experiments to test our hypothesis, we therefore
decided that we first needed both to examine if homeo-
proteins could be secreted as well as internalized and to
understand the mechanisms involved. We would then be
able to design experiments in which a given homeoprotein
is replaced by a version which is transcriptionally active
but deprived of its capacity to be transferred between
cells, and examine its effect in the developing animal.

To this end, we have decided to concentrate on Engrailed.
The Engrailed homeoproteins, Engrailed-1 (En1) and
Engrailed-2 (En2), are first expressed in the anterior
neuroepithelium in a domain that will develop into the
midbrain–hindbrain territory [17,18]. En1 is also expressed
in the spinal cord, in the dermomyotome and in the ventral
ectoderm of the limb bud. En1 is necessary for the devel-
opment of the midbrain–hindbrain, the sternum and the
ventral limb bud [19,20], whereas En2 mutants only have a
subtle midbrain–hindbrain patterning defect [21,22]. In
the context of our studies, a main advantage of Engrailed
(meaning here En1 and En2 collectively) is the existence
of a polyclonal antibody that recognizes the mammalian
and avian proteins and of a monoclonal antibody that rec-
ognizes only non-mammalian Engrailed, in particular chick
En2 (cEn2) [23]. The availability of such antibodies is
quite unique and they have been used, in ‘mouse-into-
chick’ grafting experiments, to distinguish the endogenous
protein(s) from that expressed in the graft [24–27].

In a previous report [28] we have demonstrated that 5% of
cEn2 exogenously expressed in COS cells is present in
purified caveolae — a class of membrane and vesicle highly
enriched in cholesterol and glycosphingolipids and special-
ized in signal transduction — and co-localizes with GM1
and caveolin, two caveolar molecular markers. An associa-
tion with such sphingolipid–cholesterol microdomains was
also found for En1 and En2 in the rat midbrain and cere-
bellum at embryonic day 19 (E19). Furthermore, in COS
cells — as in E19 rat embryos — a small and identical pro-
portion of membrane-associated Engrailed was protected
against proteinase K, suggesting that both endogenous and
exogenous Engrailed can get access to a compartment on a
secretory pathway.

Here, we have used co-cultures of cEn2-expressing COS
cells and primary neurons and observed that full-length
cEn2 is exported by COS cells and internalized by
primary neurons. Moreover, we have identified a
sequence that differs from the internalization sequence
and is necessary for secretion. Finally, we have shown that
the protection against proteinase K of membrane-associ-
ated cEn2 is lost in a variant of the protein lacking the
sequence necessary for secretion.

Results and discussion
Neurons freshly dissociated from embryonic (E15) rat cor-
tical tissues were co-cultured with COS cells expressing
cEn2 protein. After 48 hours, the cultures were fixed and
subjected to double immunostaining with the monoclonal
anti-cEn2 antibody 4D9 [23] and, as a marker for neuronal
cells, a polyclonal anti-NCAM antibody. As shown in
Figure 1a, 4D9 stained the nuclei of COS cells but also
those of NCAM-expressing rat cortical neurons. Because
the 4D9 monoclonal antibody does not recognize the
mammalian Engrailed proteins, the staining in cortical
neurons cannot correspond to an induction of endogenous
Engrailed. High magnification confocal imaging
(Figure 1b) demonstrated that the epitope recognized by
4D9 is in the neuronal nuclei. No staining was observed
when neurons were cultured with non-transfected COS
cells (data not shown). 

In order to investigate whether full-length cEn2 is secreted
and internalized without degradation, a Myc epitope was
added to either the amino or carboxyl terminus (to form
Myc–cEn2 and cEn2–Myc, respectively). Figure 2a,b illus-
trates that the anti-Myc antibody stained the nucleus of
neurons co-cultured with transfected COS cells expressing
either of the tagged proteins. We also analyzed the protein
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Figure 1

Transport of cEn2 homeoprotein from COS-7 cells to neurons. COS-7
cells expressing cEn2 were co-cultured with E15 rat embryonic
neurons for 48 h. The cultures were fixed and immunostained with the
chick-specific monoclonal anti-En antibody 4D9 (green) and a
polyclonal anti-NCAM antibody (pk4142; red). Confocal sections at
(a) low and (b) high magnification demonstrate the presence of cEn2
staining in neuronal nuclei. The bar is 10 µm.

(a) (b)
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retrieved from neuronal nuclei and postnuclear super-
natants (see Materials and methods) and found that it
showed no apparent degradation (Figure 2c,d). In the
latter experiment, COS cells were cultured on glass cov-
erslips that were introduced into a culture dish containing
rat neurons. This procedure allowed an easy and total
separation between COS cells and neurons before extrac-
tion and western blot analysis using the 4D9 antibody.
This series of experiments demonstrates that cEn2
expressed in COS cells can be recovered intact from co-
cultured rat neurons.

Pulse chase and experiments done with COS-7 cells in the
absence of neurons demonstrated that cEn2 is secreted
into the culture medium within an hour of its synthesis and
that secreted cEn2 does not pellet at 100,000 × g
(Figure 3a–c). This suggested that cEn2 is rapidly secreted

and freely diffusible in the culture medium and thus that
the amount of cEn2 ‘captured’ by co-cultured neurons
might be a function of their distance from a cEn2-secreting
COS cell. To investigate this, 250 transfected COS cells
were scattered on a monolayer of 5 × 105 cortical neurons
on a 16 mm diameter dish and the presence of cEn2 in
COS cells and neurons was revealed by immunocytochem-
istry 12, 24 and 48 hours following COS cell addition. As
illustrated in Figure 3d, the intensity of nuclear staining in
the neurons decreased as the distance to cEn2-expressing
COS cells increased, implying that a gradient of Engrailed
had formed. The mean surface of Engrailed-positive
regions around cEn2-secreting COS cells increased with
time (Figure 3e). Because the diffusion fields were approx-
imately circular, we could calculate that the radius of diffu-
sion increased from 28 µm at 12 hours to 80 µm at 24 hours
and 100 µm at 48 hours, lengths that correspond to about 3,
8 and 10 neuron diameters, respectively, placed side by
side. The latter point is well illustrated in Figure 3f in
which a ‘chainette’ of approximately 10 neuron diameters
separates a cEn2-secreting COS cell from a region where
cEn2 staining is barely detectable.

The transfer of cEn2 between cells involves two succes-
sive steps — secretion and internalization. Preliminary
experiments, in which regions upstream of the homeo-
domain were removed, demonstrated that the fraction of
such proteins that was membrane associated upon expres-
sion in COS cells was as resistant to proteinase K as mem-
brane-associated wild-type protein [28] (data not shown),
suggesting that the homeodomain is important for secre-
tion. Because we already knew that the third helix of the
homeodomain, and in particular a WF motif (in single-
letter amino acid code; positions 48 and 49 of the home-
odomain) within the helix, is important for its
internalization and its targeting to the cytoplasm and
nucleus [12,29], we substituted the WF motif with an SR
doublet (to form cEn2(WF→SR) or the carboxy-terminal
tagged version cEn2(WF→SR)–Myc, see Figure 4). In a
second mutant, we deleted 11 amino acids upstream of
the WF motif (to form cEn2∆1, see Material and methods
and Figure 4). The two mutants and wild-type cEn2–Myc
behave differently in COS cells: cEn2∆1–Myc
(Figure 5e,f) was not found in the neurons, whereas
cEn2(WF→SR)–Myc (Figure 5c,d) was found at the
surface and in the cytoplasm of the neurons but not in
their nuclei. Because the WF motif is important for inter-
nalization by translocation across the plasma membrane
[12,29], the distribution of cEn2(WF→SR)–Myc sug-
gested that cEn2(WF→SR)–Myc is probably secreted but
that, as opposed to cEn2–Myc (Figure 5a,b), it does not
translocate across the neuronal membrane but is internal-
ized by classical endocytosis.

To evaluate the access of the three proteins to a secretory
compartment, the membranes from COS cells transfected

Figure 2

Full-length Engrailed protein is transferred between cells. COS-7 cells
expressing either (a) Myc–cEn2 or (b) cEn2–Myc were co-cultured
with E15 neurons for 48 h, fixed and immunostained with the anti-Myc
(green) and anti-NCAM (red) antibodies. The bar is 10 µm.
(c) Neurons cultured for 48 h in the vicinity of coverslips bearing COS
cells either expressing (E) or not expressing (C) cEn2 were
fractionated and analysed by western blot, demonstrating that full-
length cEn2 (arrow) was present in cEn2-expressing COS-7 cells
(COS) and in the nuclear (Nuc) and postnuclear (PNS) fractions of
neurons co-cultured with them. (d) Sypro protein staining illustrates
that a similar amount of nuclear and postnuclear extracts were loaded;
the arrow indicates histones. For comparison, 0.05% (COS), 3.33%
(Nuc) and 1% (PNS) of the total volumes were loaded. It is thus
estimated that 5% of cEn2 was translocated from expressing to
receiving cells within 48 h.

(a)

(b)

(c)

(d)

Myc–cEn2

cEn2—Myc

PNS
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with plasmids encoding the proteins were purified and
treated with proteinase K. Because the ∆1 deletion pre-
cludes recognition by available polyclonal or monoclonal
anti-Engrailed antibodies, cEn2∆1–Myc was always visu-
alized using the anti-Myc antibody. Analysis of the con-
trols corresponding to cEn2∆1–Myc and cEn2(WF→SR)
— cEn2–Myc and cEn2, respectively — also demon-
strated that the presence of the Myc epitope did not
change the properties of Engrailed proteins, as wild-type
and Myc-tagged cEn2 behaved similarly (Figure 6). The
three proteins — wild-type cEn2 (or cEn2–Myc),
cEn2(WF→SR) and cEn2∆1–Myc — co-purify with a
membrane fraction on a saccharose cushion (Figure 6), but
upon proteinase K treatment, only cEn2 (or cEn2–Myc)
and cEn2(WF→SR), but not cEn2∆1–Myc, are protected.
Although the proportion of protein protected is low —
between 5 and 10% of the membrane-associated proteins
— the protection does seem authentic as, firstly, none of
the nuclear fraction is protected and, secondly, protection
is fully lost after membrane permeabilization. This
strongly suggests that the ∆1 domain, or part of this

domain, participates in the targeting of cEn2 into a secre-
tory compartment.

The secretion of proteins devoid of signal sequence has
been shown in the case of the TAT transcription factor of
the human immunodeficiency virus [30], fibroblast growth
factor (FGF)-1 and FGF-2 (reviewed in [31]), lactoferrin
[32] and the VP22 herpes virus protein [33]. It is notewor-
thy both that in the case of the TAT protein from an
equine virus a structure very similar to that of a homeo-
domain has been proposed [34] and that all these proteins,
following secretion and internalization, gain access to the
cell nucleus. We have previous demonstrated that the
third helix of the homeodomain is necessary and sufficient
for internalization and proposed a mechanism for translo-
cation [13–15]. In contrast, we have not analysed whether
the sequence removed by the ∆1 deletion — which
encompasses the end of the second helix, the beginning of
the third helix and the turn between the two helices — is
sufficient for secretion, nor do we know the mechanism
that is involved.

Engrailed proteins are the first in which sequences neces-
sary for both unconventional secretion and unconventional
internalization have been identified, and it is noticeable
that these sequences are highly conserved among homeo-
proteins. The fact that, in the case of cEn2, the sequences
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Figure 3

Secretion of cEn2 and formation of a local cEn2 gradient in a neuronal
field. (a,b) COS cells expressing Myc–cEn2–Myc were cultured for
24 h and the rate of secretion of the expressed protein was followed
using pulse–chase analysis and immunoprecipitation with the anti-Myc-
tag monoclonal antibody 9E10 as described in Materials and methods:
cEn2 is present only in the culture medium of cells producing
Myc–cEn2–Myc (+) and not in that of mock-transfected cells (–). The
total chase time, following the 30 min pulse of labelling with
[35S]methionine, is indicated. (a) Phosphoimaging and (b) its
quantification indicate that labeled Myc–cEn2–Myc was progressively
diluted as 1 ml aliquots collected from the initial 5 ml tissue culture
medium were replaced by fresh medium, thus demonstrating that
newly synthesized Myc–cEn2–Myc was secreted within 1 h (30 min
labelling and 30 min chase). (c) The culture medium from COS cells
expressing Myc–cEn2–Myc was separated by centrifugation at
100,000 × g, as described in Materials and methods. Supernatant and
pellet were analyzed for their total Myc–cEn2–Myc content by
western-blot analysis (using the 9E10 antibody) together with 1% of
the whole cell extract (cells). The absence of Myc–cEn2–Myc in the
pellet demonstrates that it is secreted in a soluble form. (d–f) COS
cells (250) expressing Myc–cEn2–Myc were scattered on 5 × 105 E15
neurons in a 16 mm diameter dish, and the cells were co-cultured for
12, 24 or 48 h, fixed and immunostained with the Myc-specific
antibody. (d) Phase-contrast and immunohistochemistry after 48 h
demonstrates that Myc–cEn2–Myc is present in the nuclei of
differentiating neurons and that the intensity of the staining decreases
rapidly as the distance of neurons from the small group of secreting
COS cells increases. (e) Quantification of the surfaces covered by
positive neurons after 12, 24 and 48 h (analysing 7, 15 and 17 areas,
respectively) demonstrates that the gradient is established slowly and
does not spread rapidly; Scheffe’s test was used to calculate the
deviations and all one-tailed p values were < 0.001.
(f) Immunocytochemistry after 48 h of co-culture illustrates that a
chainette of approximately 10 contiguous neurons separates the
secreting COS cell from the edge of the cEn2-positive domain. The
radius (r) of the area of cEn2-positive neurons around the COS cells is
indicated by an arrow. The bar is 40 µm. (a–f) In this set of
experiments, doubly tagged cEn2 protein (Myc–cEn2–Myc; see
Figure 4) was used in order to increase the sensitivity of detection.
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responsible for internalization by translocation and for
unconventional secretion are different suggests that the two
events rely on separate mechanisms. In a previous report,
we have shown that exogenously expressed Engrailed asso-
ciates with caveolae in COS cells and that endogenous
Engrailed associates with sphingolipid–cholesterol

microdomains [28]. Sphingolipid–cholesterol microdomains
are specialized in signal transduction and cycle between the
plasma membrane and different luminal compartments
[35]. Treatments interfering with the cellular content of
cholesterol provoke the passage of caveolin, a caveolae scaf-
folding protein, into the lumen of the endoplasmic reticu-
lum where it is protected against proteolytic enzymes [36].
The sequence necessary for cEn2 secretion overlaps with a
domain that has striking similarities to a sequence within
caveolin [28], suggesting that cEn2 secretion might involve
its translocation into the lumen either of sphingolipid–cho-
lesterol microdomains or of another compartment, for
example the endoplasmic reticulum.

Our results show that cEn2 is transferred between COS-7
cells and co-cultured neurons and we do not yet know
whether this reflects a normal event. We propose,
however, that such transfer might occur in vivo on the
basis of the following observations: firstly, secretion and
protection against proteinase K are correlated; secondly,
endogenous rat En1 and En2 are associated with sphin-
golipid–cholesterol microdomains in vivo; and, thirdly, a
fraction of membrane-associated En1 and En2 is protected
against proteinase K in vivo [28]. We estimate that, in
vitro, less than 5% of cEn2 gains access to a secretory com-
partment and is actually secreted. This proportion is in
good accordance with the amount of rat En1 and En2 asso-
ciated with a membrane fraction and protected against
proteolysis in vivo, in a situation in which the cells synthe-
size physiological amounts of Engrailed. Determining the

Figure 4

Each of the proteins we have expressed in COS cells is depicted; the
plasmids encoding them are also indicated. The ∆1 deletion removes
the amino acid sequence QELGLNESQIK, which is upstream of the
WF motif. 
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Figure 5

The ∆1 deletion blocks secretion. COS cells
expressing either (a,b) cEn2–Myc,
(c,d) cEn2(WF→SR)–Myc or
(e,f) cEn2∆1–Myc were co-cultured with E15
rat embryonic neurons for 48 h. After double
immunostaining for the Myc tag (green) and
NCAM (red), we took a confocal section and
looked at (a,c,e) both signals by superposition
and (b,d,f) the Myc-specific signal alone using
the pseudocolored linear scale shown in (f).
The bar is 10 µm.(d)

(e) (f)

(a) (b)

(c)

cEn2–Myc

cEn2(WF    SR)–Myc

Level of Myc signal

cEn2∆1–Myc
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precise level of Engrailed that is secreted, given that it is
such a small amount, awaits very refined measurements.

The results presented in Figure 3 also suggest that, in a sit-
uation in which cEn2 diffuses freely, the radius of diffusion
is no longer than about 10 times the diameter of a neuron,
even after it has been expressed for 48 hours, and that the
radius of diffusion in fact reaches a plateau between 24 and
48 hours. It is thus very likely that if Engrailed is secreted
in a physiological situation, its diffusion would be even
more limited. As a result, only the cells in the immediate
proximity of the Engrailed source would capture the
protein, and this would be in such small amounts that one
would not necessarily expect to see a dramatic change in
phenotype but, rather, a modification of transcription of a
limited number of Engrailed transcriptional targets. We
speculate that this might act as a mechanism to establish a
border between abutting territories or to mediate the
recognition of cells for cells of a different topological origin.

The transfer of homeodomain protein to adjacent non-tran-
scribing cells in vivo has been reported in plants:
KNOTTED-1, a plant homeoprotein synthesized in the
maize vegetative shoot apex, translocates into one row of L1
epidermal cells that do not express its mRNA [37].
KNOTTED-1 is the first homeoprotein reported to have an
in vivo paracrine activity. Indeed, its translocation into the
L1 cells involves plasmodesmata, a specialized structure
found only in plants. It seems possible that animals may
have developed other molecular mechanisms to achieve a
similar function. In this context, it is noteworthy that the
homeoprotein Emx-1 is targeted into nuclei but also into the
axons of olfactory neurons [38]. Because sphingolipid–cho-
lesterol microdomains are found primarily in the axonal
compartment, the transport of Emx-1 into the axons sug-
gests that the observations about Engrailed reported by us in
this report and previously [28] might extrapolate to other
homeoproteins and to specific in vivo situations.

Conclusions
By co-culturing cEn2-expressing COS cells and primary
neurons, we have shown that full-length cEn2 is exported
by COS cells and internalized by primary neurons. We
have identified a sequence in Engrailed that differs from
its internalization sequence and that is necessary for its
secretion and the protection against proteinase K of the
fraction of cEn2 that is membrane associated.

The identification of a sequence necessary for the secre-
tion and protection against proteinase K of Engrailed
might be important for the following reasons. Firstly, a
sequence necessary for the export of a protein devoid of a
‘classical’ export signal sequence has not been identified
previously. Secondly, cEn2 export by COS cells is corre-
lated with cEn2 protection against proteinase K — a pro-
tection that has also been reported for cEn2 in embryonic
tissues. Thirdly, the small proportion of Engrailed protein
that is present in a compartment compatible with secre-
tion — both in a physiological and a non-physiological sit-
uation — and that is, at least in our COS cell system,
secreted, suggests that if Engrailed secretion does occur
physiologically, it might not be easy to trace and might not
lead to an obvious non-autonomous phenotype as classi-
cally defined by the embryologists.

Finally, we hope to exploit our present understanding of
the mechanisms involved in the import and export of
Engrailed to annihilate its paracrine activity without modi-
fying its transcriptional activity: such an experiment will
be a first and indispensable step to evaluate the physiolog-
ical relevance of our observations.

Materials and methods
Plasmids and proteins
The different proteins used in this report are described in Figure 4. All
plasmids are derived from pTL1cEn2 [28], in which protein expression
is under the control of the SV40 promoter. The Myc–cEn2 and
cEn2–Myc proteins have a Myc-tag sequence (EQKLISEEDL) [39] at
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Figure 6

Engrailed secretion is correlated with its
resistance to proteinase K. We expressed
(a) cEn2 and cEn2(WF→SR) or
(b) cEn2–Myc and cEn2∆1–Myc in COS-7
cells for 48 h and we then analysed their
presence in membrane and nuclear fractions.
For proteinase K treatment, the amount of
extracts loaded was (a) 8-fold or (b) 40-fold
that of non-treated membranes. The
proportion of cEn2 or cEn2(WF→SR) in the
membrane fraction protected against
proteinase K was estimated at between 3 and
10%, depending on the experiment. Note the
absence of protection in the nuclear fraction
and the loss of protection in membranes
treated with detergent (Triton X-100).

WF    SR
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the amino and carboxyl terminus, respectively. The cEn2(WF→SR)
protein bearing the substitution of the amino acids 247–248 (WF) with
an SR motif was produced by site-directed mutagenesis. The deletion
in cEn2∆1 includes amino acids 235 to 245 (QELGLNESQIK). In
cEn2(WF→SR)–Myc and cEn2∆1–Myc proteins, a Myc tag was
added at the carboxyl terminus of the proteins. Plasmids and details
concerning the constructions are available on request.

Cell culture and electroporation
All cells were grown in modified Dulbeccos’ modified Eagles
medium/F12 medium (1/1) [40] supplemented with 10% fetal calf serum
(FCS) to give complete medium. For electroporation, COS-7 cells
(1–4 × 106 in 300 µl of complete medium) mixed with 10–20 µg DNA
were placed in a 0.4 cm gap electrode cuvette, electroporated (170 V,
950 µF), kept for 10 min at room temperature, washed and pelleted
(200 × g, 5 min) before culture. Transfection efficiency was between 50
and 80% of the cells. Rat embryonic neurons were prepared as
described [41] with slight modifications. Briefly, tissues freed of meninges
were incubated in trypsine–EDTA (0.25% trypsine, 1 mM EDTA; 10 min)
and the cells mechanically dissociated in phosphate-buffered saline
(PBS) containing 33 mM glucose, 30 µg/ml DNase I (Sigma) and 10%
FCS. Dissociated cells were washed three times in PBS containing
33 mM glucose and seeded at the densities indicated in the text.

Immunocytochemistry
COS-7 cells (104) were co-cultured with freshly dissociated rat E15
cortical neurons (5 × 104) on 1.6 cm diameter glass coverslips coated
with 15 µg/ml polyornithine (Sigma) and 1 µg/ml laminin (Sigma) in
complete medium supplemented with DNase I (10 µg/ml). After 12, 24
or 48 h the cells were washed twice in PBS and fixed in
ethanol : acetic acid (90:10) for 10 min at –20°C followed by a brief
incubation in cold methanol. After drying, immunostaining was per-
formed as previously described [42]. Engrailed protein was detected
using the monoclonal antibodies 4D9 or 9E10 (for Myc-tagged con-
structs) and biotinylated anti-mouse antibody (1/200, Vector ABC-kit)
plus streptavidin horseradish peroxidase (1/100, Vector ABC-kit) or
streptavidin–FITC (1/800, Vector). For double immunostaining, the
anti-NCAM antibody (gift of Christo Goridis) was revealed with Cy3
anti-rabbit antibodies (1/400, Jackson Laboratories). Mounting was in
Vectashield (Vector) and all images were obtained by confocal laser
microscopy (Molecular Dynamics 1000). Preparations were scanned
with appropriate filters (600 nm and 530DF30 nm) and a Gaussian
filter was applied to the original data. Pseudocolor images were
obtained with an unmodified linear look-up table.

Western-blot analysis
Freshly dissociated rat E16 cortical neurons (107) were cultured in a
10 cm diameter plastic petri dish coated with 15 µg/ml polyornithine.
Freshly electroporated COS-7 cells (5 × 104) seeded on glass cover-
slips coated with 15 µg/ml polyornithine were carefully added at the
periphery of the petri dish 12 h later (10–12 coverslips per dish; cells
facing up), and sealed with a collagen drop. After 48 h, the coverslips
were removed and the neurons were lysed for 15 min a 4°C in PBS
plus 1 mM Ca2+, 1 mM Mg2+, 0.5% NP40, and protease inhibitors.
Nuclear and postnuclear fractions separated by centrifugation (15 min,
2000 × g, 4°C) were resuspended in Laemmli buffer. COS-7 cells on
the coverslips were collected by trypsin treatment and directly resus-
pended in Laemmli buffer. Proteins in the samples were separated by
SDS–PAGE (12%), stained (SYPRO 1/5000 in blotting buffer) and
transferred onto nitrocellulose (BAS 85, Schleicher & Schuell).
Immunological detection was performed as described [28]. To deter-
mine if secreted Myc–cEn2–Myc was secreted in a soluble form, 106

COS cells expressing Myc–cEn2–Myc were cultured in complete
medium. After 24 h, the cells were washed twice, incubated for 30 min
in medium containing 0.2% FCS, 25 µg/ml heparin and 10 µg/ml
DNase I, washed and incubated for a further 3.5 h with the same
medium supplemented with protease inhibitors. The medium was
cleared by low speed centrifugation (6000 × g, 10 min) and the super-
natant was centrifuged for 35 min at 100,000 × g.

Pulse-chase experiments
COS cells (106) expressing Myc–cEn2–Myc were cultured for 24 h on
polyornithine-coated 60 mm diameter culture dishes. After washing,
cells were preincubated for 20 min in methionine-free medium plus
0.2% FCS, 25 µg/ml heparin and 10 µg/ml DNAse I. Labeling was per-
formed in 5 ml of the same medium containing 1 mCi [35S]methionine
(1000 Ci/mmol; Promix, Amersham) for 30 min. Chase medium (5 ml)
containing 10 mM methionine, 25 µg/ml heparin and protease
inhibitors was added and 1 ml aliquots were collected at the indicated
times and replaced by 1 ml fresh medium. All samples were immuno-
precipitated as described [40] using the 9E10 anti-Myc antibody.
Mock transfected cells were used as a control and the amount of
protein immunoprecipitated was quantified by phosphoimaging.

Proteolytic treatments
Membrane fractions and nuclei were prepared as described previously
[28]. Each fraction was divided in three parts, and treated for 1 h at
4°C as indicated (100 µg/ml proteinase K, 0.2% Triton X-100). Treat-
ments were stopped by TCA precipitation.
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