
Cripto recruits Furin and PACE4 and controls
Nodal trafficking during proteolytic maturation

Marie-Hélène Blanchet1,4, J Ann Le
Good1,4, Daniel Mesnard1, Viola Oorschot2,
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The glycosylphosphatidylinositol (GPI)-anchored proteo-

glycan Cripto binds Nodal and its type I receptor Alk4 to

activate Smad2,3 transcription factors, but a role during

Nodal precursor processing has not been described. We

show that Cripto also binds the proprotein convertases

Furin and PACE4 and localizes Nodal processing at the cell

surface. When coexpressed as in early embryonic cells,

Cripto and uncleaved Nodal already associated during

secretion, and a Cripto-interacting region in the Nodal

propeptide potentiated the effect of proteolytic maturation

on Nodal signalling. Disruption of the trans-Golgi network

(TGN) by brefeldin A blocked secretion, but export of

Cripto and Nodal to the cell surface was not inhibited,

indicating that Nodal is exposed to extracellular conver-

tases before entering the TGN/endosomal system. Density

fractionation and antibody uptake experiments showed

that Cripto guides the Nodal precursor in detergent-resis-

tant membranes to endocytic microdomains marked by

GFP–Flotillin. We conclude that Nodal processing and

endocytosis are coupled in signal-receiving cells.
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Introduction

In early vertebrate embryos, the fate of pluripotent cells is

dictated by Nodal proteins through complexes of Alk4 and

activin type II receptors (ActRII) (reviewed in Shen, 2007).

Alk4 mediates Nodal activities in the mouse embryo by

stimulating phosphorylation and nuclear translocation

of the transcription factors Smad2 and 3. Nodal is secreted

as a precursor protein, which must be cleaved to induce

mesendodermal genes and gastrulation movements within

the epiblast (Brennan et al, 2001; Beck et al, 2002; Guzman

et al, 2004; BenHaim et al, 2006). Genetic and biochemical

evidence suggests that Nodal is processed by the secreted

proprotein convertases (PCs) Furin and PACE4 (Beck et al,

2002), but how this interaction is regulated is unknown.

Whereas Nodal is secreted by epiblast cells, Furin and

PACE4 are provided by neighbouring cells in the extraem-

bryonic ectoderm (Beck et al, 2002; Mesnard et al, 2006).

Therefore, we hypothesized that secreted forms of Furin and

PACE4 activate Nodal in extracellular fluid, or that they are

recruited to an unknown receptor in target cells.

In cell-free assays, Nodal can be processed by soluble Furin

and PACE4 (Beck et al, 2002; Mesnard et al, 2006), but removal

of the N-terminal propeptide in tissue culture promotes endocy-

tosis and turnover (Constam and Robertson, 1999; Le Good et al,

2005). In zebrafish, rapid clearance of mature Nodal, rather than

proteolytic processing, seems to limit its signalling range

(Constam and Robertson, 1999; Le Good et al, 2005). Thus, we

hypothesized that to efficiently signal, Nodal may have to mature

in a privileged compartment in signal-receiving cells.

To activate Alk4/Smad2,3 signalling, Nodal also depends

on glycosylphosphatidylinositol-anchored proteins (GPI-AP)

of the EGF-CFC proteoglycan family, such as Cripto (Ding

et al, 1998; Gritsman et al, 1999; Reissmann et al, 2001;

Schier, 2003). Biochemical analysis has shown that Cripto

independently binds both Alk4 and Nodal, or the related

ligands Gdf1 or -3 (Reissmann et al, 2001; Cheng et al, 2003;

Schier, 2003; Chen et al, 2006). However, in cell-free assays

and at the surface of cultured cells, Nodal can bind ActRII

and Alk4 independently of Cripto (Reissmann et al, 2001;

Chen and Shen, 2004; BenHaim et al, 2006). Furthermore,

Nodal clearly retains significant activity in Cripto�/� mice

(Ding et al, 1998), which can be further enhanced by in-

activating the feedback inhibitor Cerl (Liguori et al, 2008).

Similarly in zebrafish, loss of zygotic expression of the Cripto

homologue Oep can be partially rescued by eliminating the

small GTPase Rasl11b/RLP, a novel feedback inhibitor of

maternal Nodal/Oep and other Smad-mediated TGFb and

BMP signals (Piek et al, 2004; Pezeron et al, 2008). Thus,

Cripto may be required to antagonize context-dependent,

inhibitory mechanisms.

Owing to their membrane anchor, GPI-APs can recruit

cargo to microdomains known as lipid rafts and access

early endosomes by clathrin- and Caveolin-independent

carriers (Stuermer et al, 2001; Fivaz et al, 2002;

Sabharanjak et al, 2002). Therefore, we hypothesized that

besides its known functions, Cripto also regulates Nodal

trafficking. Here, we report that Cripto and Nodal use an

unconventional exocytic pathway and recruit extracellular

Furin, and that Cripto localizes Nodal processing to promote

endocytosis in membrane carriers that overlap with the raft

scaffold protein Flotillin. On the basis of these results, we

propose that in addition to its known functions, Cripto targets
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the assembly of a Nodal-processing complex to specific

membrane microdomains.

Results

Processing and secretion of Nodal and Cripto

To characterize trafficking, we first determined how Nodal is

modified during exocytosis. Western blot analysis of trans-

fected cells showed that incubation with endoglycosidase H

(EndoH) or N-glycosidase F shifted the molecular weight of

intracellular Nodal from 42 to 39 kDa, the predicted size of

unmodified precursor. In contrast, the 47 kDa Nodal precur-

sor and propeptide (35 kDa) in conditioned medium were

sensitive to N-glycosidase F and neuraminidase, but not to

EndoH, indicating that they acquired complex carbohydrates

in the trans-Golgi network (TGN) (Figure 1A).

We also monitored processing of Cripto. Cripto is tethered

to membranes through a GPI anchor (Kenney et al, 1996;

Minchiotti et al, 2001). The predicted molecular weight of

full-length Cripto is 18 kDa, but a prosegment is cleaved after

proline 52 (Kenney et al, 1996; Minchiotti et al, 2001).

Incubation of cell extracts with EndoH or N-glycosidase F,

or inhibition of N-glycosyltransferases in the ER by tunica-

mycin shifted the 18-kDa form of Cripto to 13 kDa

(Figure 1B). This suggests that Cripto is cleaved before

entering the Golgi apparatus.

Immunostaining of transfected cells revealed that Cripto

and Nodal colocalize with the ER marker RFP-KDEL in a

reticular network (Supplementary Figure S1). To assess how

Cripto is secreted, we analysed the effect of brefeldin A (BFA),

a compound that blocks ER to TGN transport. Western blot

analysis revealed that BFA blocked the secretion of Cripto

into the medium (Figure 1C). However, immunostaining of

unpermeabilized cells showed that Cripto levels at the cell

surface were unaffected, except when BFA was added

together with cycloheximide to block protein synthesis

(Figure 1C, right panel). These results suggest that newly

synthesized Cripto is exported to the plasma membrane

independently of the TGN, whereas the TGN mediates term-

inal glycosylation and secretion of Cripto into the medium.

To validate this conclusion, we also monitored the secre-

tion of mutant Cripto carrying a 6� His tag instead of the GPI

signal sequence (CriptoHis). CriptoHis is secreted, and com-

plex carbohydrates shift the molecular weight to approxi-

mately 29 kDa (Kenney et al, 1996; Minchiotti et al, 2001). By

contrast, in cells treated with BFA, CriptoHis was shifted to

24 kDa and was not secreted into the medium (Figure 1D).

CriptoHis cannot be tethered to the plasma membrane by a

GPI anchor, but may still bind to receptors (Bianco et al,

1999; Yan et al, 2002). Indeed, immunofluorescent staining

detected significant amounts of CriptoHis at the cell surface,

which were reduced to background levels by BFA

(Figure 1D). BFA also inhibited the cell surface expression

of secreted GPI-anchored eGFP (Figure 1E), and was not toxic

during the time window examined. These data confirm that

BFA efficiently blocked TGN-mediated exocytosis, but that

wild-type Cripto through its GPI signal uses a BFA-insensitive

route to reach the plasma membrane.

Cripto intercepts the Nodal precursor during exocytosis

As a first step to test whether Cripto affects Nodal processing,

wild-type Nodal or cleavage-resistant mutant precursor was

co-transfected with increasing doses of Cripto. Cripto dose-

dependently inhibited the release of the 47-kDa form of

wild-type Nodal precursor into the medium. This effect was

specific in that the PC-resistant mutant Nodal was barely

affected by Cripto (Figure 2A, Nr). Conversely, secretion of

Cripto was not diminished, but rather increased in cells

coexpressing Nodal (data not shown), suggesting that non-

specific trapping in the ER is unlikely. In contrast to wild-type

Cripto, CriptoHis did not diminish the secretion of Nodal into

the medium (Figure 2B). These results suggest that the

mechanism leading to sequestration of the Nodal precursor

involves GPI anchoring of Cripto and PC-mediated

processing.

A common feature of GPI-anchored proteins is their loca-

lization in lipid rafts. To assess whether Cripto recruits the

Nodal precursor to rafts, detergent lysates of transfected cells

were fractionated by density gradient centrifugation. In the

absence of Cripto, Nodal was detected exclusively in its

uncleaved form in high-density fractions 5 and 6, together

with the transferrin receptor. By contrast, when co-trans-

fected with Cripto, a significant amount of uncleaved Nodal

partitioned to the detergent-resistant membrane fraction 1

(Figure 2C). To determine whether the amount of Nodal

precursor entering lipid rafts might be underestimated due

to proteolytic processing and subsequent degradation, we

also fractionated cells expressing the cleavage mutant pre-

cursor Nr. Interestingly, Nr and a degradation intermediate

appeared in fraction 1 even in the absence of Cripto, and this

amount consistently increased in cells expressing Cripto

(Figure 2D). The molecular weight of Nodal in fraction 1

was 42 kDa, corresponding in size to EndoH-sensitive pre-

cursor (cf. Figure 1A), whereas the secreted 47-kDa isoform

was only detected in fractions 5 and 6 even after prolonged

exposure (Figure 2D, and data not shown). Taken together,

these results indicated that the pre-TGN 42-kDa isoform of

Nodal precursor is intercepted by Cripto before PC-mediated

processing and sorted to specific membrane microdomains.

The Nodal precursor reaches the cell surface via a

TGN-independent route

Generally, PCs must enter acidic compartments to dissociate

from their inhibitory propeptides (Chapman and Munro,

1994; Mallet and Maxfield, 1999; Anderson et al, 2002; for

review, see Thomas, 2002), and endosomal acidification is

also required to release Furin and PACE4 into culture medium

(Supplementary Figure S2). If these proteases must pass the

TGN/endosomal system to become active, how can they

cleave the pre-TGN isoform of Nodal and reduce its accumu-

lation in lipid rafts? Precocious activation of endogenous PCs

in the ER is unlikely, given the absence of intracellular

cleavage products. To resolve this paradox, we hypothesized

that Nodal bypasses the TGN and is directly targeted to the

cell surface to recruit PCs from the extracellular space.

Indeed, examination of chemically crosslinked cell surface

complexes suggests that Nodal and Cripto proteins at the cell

surface correspond in size to the EndoH-sensitive isoform

(Yan et al, 2002; Chen and Shen, 2004; BenHaim et al, 2006).

Furthermore, glycan maturation and secretion of the 47-kDa

form of Nodal into the medium were inhibited by NH4Cl and

chloroquine (Supplementary Figure S2). These data pointed

towards an unconventional exocytic pathway, involving

perhaps endosomal uptake to release Nodal into the medium.
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To directly test whether Nodal bypassed the TGN, cells

expressing Nr with or without Cripto were incubated with

fresh medium containing BFA. Immunofluorescence and

western blot analysis revealed that BFA did not diminish Nr

staining at the surface of unpermeabilized cells, except when

added together with cycloheximide (Figure 3A). However,

BFA abolished the secretion of the soluble 47-kDa isoform

into culture medium (Figure 3B). Under these conditions, the

47 kDa precursor ectopically accumulated in cell lysates

(Figure 3B), indicating that Nodal is internalized in the BFA

compartment containing sialyltransferases that are shunted

from the TGN to endosomes (Nebenfuhr et al, 2002).

Importantly, BFA also inhibits the secretion of Furin

(Supplementary Figure S3A). To eliminate the confounding

influence of PC-mediated cleavage on Nodal expression

levels, these experiments were conducted using cleavage-

resistant precursor (Nr), but analogous results were obtained

for cleavable Nodal (Supplementary Figure S3B and C). We

conclude that BFA selectively blocks secretion into the med-

ium, but that Nodal export to the cell surface is TGN

independent.

Cripto independently interacts with processed Nodal

and its pro peptide

To test whether Nodal binds Cripto before proteolytic matura-

tion, a mixture of soluble Nodal propeptide, mature form and

residual uncleaved precursor (Figure 4A, top panels) was

incubated with metal agarose beads soaked with or without

Figure 1 Post-translational modifications of Nodal and Cripto. (A) Western blot of Nodal in lysates (left) and conditioned medium (right) of
transfected COS1 cells. Treatment with EndoH or N-glycosidase F shifted the size of intracellular Nodal from 42 to 39 kDa, the predicted
molecular weight of unmodified precursor. In conditioned medium, precursor and Nodal propeptide (47 and 35 kDa) were sensitive to
N-glycosidase F and neuraminidase, but not to EndoH. Bottom: impact of processing on the size of Nodal. (B) Western blot analysis of Cripto in
COS1 cell lysates before and after treatment with N-glycosidase F, EndoH or both, or after incubation of cells with tunicamycin. Processed
Cripto lacking the N-terminal 52 amino acids (Minchiotti et al, 2001) has a predicted size of 13 kDa, but migrates at an apparent molecular
weight of 18 kDa due to high mannose N-glycosylation. (C) Left: truncated mutant Cripto lacking a GPI signal (CriptoHis) is shifted in size to
29 kDa by complex carbohydrate modifications (Minchiotti et al, 2001), and its release into conditioned medium is blocked by BFA. Right: also
shedding of wild-type Cripto is abolished in the presence of BFA. (D) Immunostaining of unpermeabilized COS1 cells shows that BFA blocks the
expression of CriptoHis at the cell surface, but not that of wild-type Cripto. (E) Cripto staining at the surface of unpermeabilized cells is blocked
in cells where BFA was administered together with cycloheximide.
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CriptoHis. CriptoHis mainly pulled down uncleaved Nodal

(top panels), despite a molar excess of processed Nodal and

propeptide in the input (bottom panels). However, when

incubated with Nodal-sc, which is more efficiently processed

due to a mutant cleavage site (Constam and Robertson,

1999), CriptoHis pulled down both mature Nodal and pro-

peptide (lane 2). These results indicate that Nodal binds

Cripto before and after proteolytic maturation.

To validate this conclusion, wild-type Cripto was

solubilized and coimmunoprecipitated with Flag-tagged

Nodal proteins from cell extracts. The 42 kDa Nodal precursor

precipitated both the 18- and 13-kDa forms of Cripto

(Figure 4B, lanes 1 and 2). Cripto also precipitated with

constitutively mature mutant Nodal (Nmat, lane 4) fused

directly to a secretory signal sequence (Le Good et al, 2005).

We also detected a complex of Cripto with Nodal propeptide

(Npro) alone, although it was less soluble and in lipid

rafts (lane 2, and data not shown). This interaction was

confirmed using Npro fused to GFP as a substitute for mature

domain (Figure 4C). In control experiments, Cripto was not

precipitated by the TGFb family member Dorsalin (data not

shown). Thus, wild-type Cripto and CriptoHis specifically

bind uncleaved Nodal both through the mature domain and

the pro segment.

A Cripto-interacting region in the Nodal propeptide

potentiates signalling

Next, we mapped a Cripto-interacting region (CIR) in the

Nodal propeptide and tested whether it is necessary to

activate Nodal. Residues 215–226 of the Nodal propeptide

are highly conserved in other TGFbs that bind Cripto

(Figure 4D), but deletion of this motif in Npro–GFP was not

sufficient to abrogate Cripto binding (data not shown). To test

whether they comprise a CIR, residues 203–229 of Nodal

were fused to secreted CFP. Coimmunoprecipitation analysis

showed that this fragment was sufficient to bind Cripto

(Figure 4E). Mutation of four amino acids of the CIR, includ-

ing L216 and S223, diminished this interaction in three out of

three experiments (ssCFP–CIRmut; Figure 4D and F), suggest-

ing that they contribute to Cripto binding.

To assess whether the CIR regulates Nodal signalling, it

was mutated in the Nodal precursor. Western blot analysis

showed that the CIR is not required for protein folding,

secretion or Cripto-independent maturation (Figure 4G).

Nevertheless, mutation or deletion of the CIR reduced

Cripto-mediated Nodal signalling more than 2.5-fold

(Figure 4G). Mutation of the CIR also inhibited paracrine

signalling of secreted Nodal/Cripto in cell mixing assays

(Figure 4H). Taken together, these results confirm that even

though Cripto-independent Nodal cleavage can occur extra-

cellularly, processing without the CIR does not efficiently

stimulate signalling.

Cripto binds the Nodal convertases Furin and PACE4

As Cripto associates with uncleaved Nodal precursor, we

asked whether it also recruits PCs. Immunoprecipitation

revealed that both Flag-tagged Furin and PACE4 can pull

down Cripto and vice versa (Figure 5A and B). Deletion of

Figure 2 GPI-anchored Cripto intercepts the Nodal precursor in lipid rafts. (A) In co-transfection assays, Cripto dose-dependently reduces the
amount of soluble Flag-tagged Nodal precursor (47 kDa) in conditioned medium (top left panels). Compared with wild-type Nodal, mutant
precursor lacking the PC cleavage site (Nr, right panels) is more resistant to Cripto-induced turnover. Bottom panels: GPI-anchored Cripto
accumulated in cell lysates. After prolonged exposure, Cripto is also detected in conditioned medium (not shown). The anti-Flag western blot of
cell lysates is overexposed to detect fully modified Nodal precursor (47 kDa). (B) Truncated Cripto lacking the GPI anchor (CriptoHis) is
released without affecting Nodal. The Nodal propeptide (35 kDa) can be detected in small amounts in conditioned medium, but is below
detectable levels in cell lysates (Constam and Robertson, 1999). All results are representative of more than three independent experiments, and
the amount of transfected DNA including empty vector in all transfections was 10 mg. g-Tubulin staining served as a loading control. (C, D)
Western blots of detergent extracts of transfected cells fractionated in OptiPrep density gradients. In fraction 1 (lipid rafts), Cripto increases the
amount of pre-TGN wild-type precursor (42 kDa) and Nr (right panels in C and D, respectively). The distribution of Cripto was not altered in the
absence of Nodal (data not shown). Nr was detected in fraction 1 together with a breakdown product (37 kDa) even in the absence of Cripto
(left panels in C and D). Separation of lipid rafts from detergent-soluble proteins was confirmed by re-probing the blots with anti-Caveolin-1
(Cav) and transferrin receptor (Tfr) antibodies. All results are representative of at least three independent experiments.
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the cysteine-rich domain (CRD) and the cytoplasmic tail of

Furin did not abolish binding, suggesting that Cripto interacts

with upstream sequences such as the P-domain or the

catalytic domain, or both. Deletion mutants of PCs lacking

the P-domain fail to undergo autocleavage and cannot exit

the ER (Gluschankof and Fuller, 1994; Takahashi et al, 1995).

Therefore, the P-domain of Furin was fused to secreted

CFP (CFP–Pd), or to a signal sequence with a Flag epitope

(Flag–Pd). Cripto specifically immunoprecipitated CFP–Pd

(Figure 5C); conversely, Flag–Pd pulled down Cripto

(Figure 5D). We conclude that Cripto independently binds

the Nodal precursor and its convertases.

Activation of a Cripto/Nodal complex by convertases

from neighbouring cells

During embryogenesis, Cripto and Nodal are coexpressed in

the epiblast (Dono et al, 1993; Ding et al, 1998; Brennan et al,

2001; Mesnard et al, 2006; Figure 3A and B), whereas Furin

and PACE4 are provided by extraembryonic cells (Beck et al,

2002; Mesnard et al, 2006). To mimic this configuration, 293T

cells were transfected with Furin or PACE4 and co-cultured

with cells expressing Nodal, Cripto and the luciferase reporter

pAR3-lux (Figure 6C). We reasoned that under these condi-

tions, exogenous PCs can only enhance Nodal signalling by

cleaving precursor at the cell surface, as 293T-conditioned

medium does not accumulate uncleaved Nodal precursor

(Figure 6D), and because Cripto-independent cleavage barely

potentiates signalling (Figure 4G and H). As a positive con-

trol, all components were transfected together in one cell

population (Figure 6E). Indeed, Furin or PACE4 increased

Nodal activity 2- to 2.5-fold above endogenous levels, regard-

less of whether they were transfected separately or together

with Nodal and Cripto. No luciferase was induced in the

absence of Nodal. These results show that Furin and PACE4

activate Nodal protein that is expressed together with Cripto

by neighbouring cells.

Cripto assembles Nodal processosomes at the cell

surface

To be cleaved by extracellular PCs, Nodal may colocalize with

Cripto at the plasma membrane. Immunostaining of unper-

meabilized cells revealed an overlapping distribution of

Cripto and cleavage-resistant Nr at the plasma membrane

(Figure 6F), but the steady-state levels of wild-type precursor

at the cell surface were low (Figure 6G). Although, in cells

treated with the PC inhibitory peptide decanoyl-RVKR-CMK,

wild-type Nodal was stabilized at the plasma membrane

(Figure 6H). These results are consistent with the idea

that Nodal matures at the cell surface, followed by rapid

endocytosis.

To test whether Cripto recruits Nodal convertases at the

plasma membrane, cells expressing Furin were co-cultured

with cells producing Cripto with or without Nr.

Coimmunoprecipitation analysis of chemically crosslinked

cell surface proteins revealed that Furin is pulled down by

Cripto together with Nodal precursor (Figure 6I). These data

support a model that Cripto assembles a Nodal-processing

complex at the plasma membrane.

Figure 3 Transport through the TGN/endosomal system is essential for the secretion and processing of Nodal precursor, but not for cell surface
expression. (A) Immunostaining of Flag-tagged Nr at the surface of unpermeabilized COS1 cells treated with or without BFA (5 mg/ml). BFA did
not prevent accumulation of uncleaved Nodal precursor at the cell surface, except when de novo synthesis was blocked by cycloheximide
(CHX, 5mg/ml). (B) BFA inhibited the secretion of Nodal into the medium, leading to sequestration of the 47-kDa form in cell lysates.
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Nodal matures at the cell surface and is internalized by

clathrin-independent endocytic carriers

To visualize Nodal endocytosis, cells were co-transfected

with Flag-tagged Nodal with or without Cripto, followed by

incubation with anti-Flag antibody. Already after 5 min,

internalized antibody was detectable in numerous small

foci in Nodal-transfected cells, but not in control cells,

irrespective of the presence or absence of Cripto.

Internalized Nodal did not colocalize with transferrin

receptor, a marker of clathrin-coated early endosomes

(Figure 7A), and less than 10% overlapped with known

markers of clathrin-independent carriers such as GFP–
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signalling. (A) Pull down of Flag-tagged Nodal precursor and cleaved fragments (pro, mat) by CriptoHis. Supernatant of 293T cell lines
containing Nodal propeptide, mature form and residual uncleaved precursor (bottom panels, input) was incubated with metal agarose beads
soaked with (lanes 1 and 2) or without (lanes 3 and 4) CriptoHis. Western blot analysis revealed that CriptoHis (18–28 kDa) precipitates Nodal
precursor (pre), together with small amounts of propeptide (pro) and mature form (mat, lane 1). Mutation of the PC recognition motif
RQRR0HHL to RQRR0HLE in supercleaved Nodal-sc (Constam and Robertson, 1999) increased binding of Cripto to mature Nodal and propeptide
(lane 2). Mature Nodal (12 kDa) and precursor (47 kDa) were shifted in size by 6 kDa due to an N-glycosylation site engineered to improve
protein stability (Le Good et al, 2005). Nonspecific binding of Nodal to empty beads was below detection (lanes 3 and 4). Input samples in
lanes 3 and 4 are identical to those in lanes 1 and 2, respectively. (B) Flag–Nodal (wild type) and Flag–Nsc precursor pulled down wild-type
Cripto from detergent-soluble COS1 cell extracts (lanes 1 and 3). Cripto was also precipitated by mature Nodal (Nmat, lane 4) or propeptide
(Npro, lane 2), but not in the absence of Nodal (lane 5). Lanes of input samples blotted on the same gel were cut for correct ordering.
(C) Coimmunoprecipitation of Cripto3F with Npro–GFP fusion protein. (D) Residues 211–237 of the Nodal propeptide aligned with homologous
sequences and other TGFb family members. Conserved amino acids are indicated in red. Mutated residues (216–223) are indicated in blue.
The most highly conserved residues of the CIR are underlined. Rose: conservative substitutions. Green: alternative PC cleavage site of
proBmp2/4. (E) Coimmunoprecipitation of secreted CFP–CIR fusion protein with Flag-tagged Cripto. (F) Mutation of four conserved residues in
the CIR (CIRmut) reduces Cripto binding. (G) In conditioned medium of transfected 293T cells, NdlDCIR and NdlCIRmut can be processed
independently of Cripto similar to wild-type Nodal (G, top panel). Below: activation of wild-type and CIR-deficient Nodal precursors in 293T
cells expressing Cripto and the luciferase reporter pAR3-lux. (H) Mutation of the CIR also inhibits paracrine Nodal/Cripto signalling to 293T
cells that were separately transfected with luciferase reporter prior to mixing with Nodal/Cripto expressing cells. Results are representative of
two experiments. Error bars indicate standard deviation of triplicate values.
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Caveolin or GFP–Flotillin (Figure 7B–D). Co-transfection of

Cripto only marginally increased the overlap of internalized

Nodal with GFP–Caveolin, but multiplied the percentage in

GFP–Flotillin carriers by a factor of 3- to 4-fold (Figure 7D).

These results suggest that Nodal is internalized by clathrin-

independent routes that transiently or partially overlap with

Caveolin or Flotillin (Figure 7D), and that Cripto increases the

uptake or stability of Nodal in Flotillin carriers.

To validate that Nodal enters cells via clathrin-independent

pathways, we also monitored antibody internalization by

electron microscopy. Immunogold-labelled antibody was

only detected in uncoated plasma membrane invaginations

(Figure 7E). Therefore, we asked whether lipid rafts are

essential for Nodal endocytosis and signalling. Disruption

of rafts by the cholesterol-aggregating drug nystatin

inhibited Nodal-mediated antibody uptake (Figure 7F).

However, nystatin rapidly downregulated Cripto expression

(Figure 7G). Therefore, we used a different approach to block

Nodal uptake in rafts without depleting Cripto. To organize

lipid rafts, both Caveolin and Flotillin must be palmitoylated

(Morrow et al, 2002; Sotgia et al, 2002; Neumann-Giesen

et al, 2004). Thus, if Nodal maturation and signalling rely on

uptake in rafts, inhibitors of palmitoylation should block

these events. Confirming this prediction, 2-bromo-palmitate

(2BP) inhibited Nodal processing by endogenous convertases

and by Flag-tagged Furin and PACE4. By contrast, both

proteases still accumulated in conditioned medium,

indicating that 2BP did not generally inhibit

protein secretion (Figure 7H). The reduction in the levels of

cleaved Nodal propeptide resulting from 2BP treatment was

only partially matched by a corresponding increase in un-

cleaved precursor (Figure 7H). This net inhibition of Nodal

secretion into the medium was reminiscent of the effect

of inhibitors of endosomal acidification (Supplementary

Figure S2). Furthermore, antibody uptake experiments and

luciferase reporter assays revealed that 2BP also inhibited

Nodal endocytosis and signalling (Figure 7I). Thus, Nodal

endocytosis through specific membrane microdomains is

necessary for maturation and signalling.

Discussion

Previous work has shown that Cripto activates a complex of

mature Nodal with its signalling receptors. Here, we asked

whether Cripto has an additional function during Nodal

processing. We report that Cripto interacts with the Nodal

pro segment and mature domain and presents uncleaved

precursor to extracellular Furin that is recruited through its

P-domain. In addition, we found that Cripto guides Nodal

uptake in lipid rafts and stimulates clathrin-independent,

non-caveolar endocytosis. On the basis of these results, we

Figure 5 Binding of Cripto to Furin and PACE4. (A) Cripto coprecipitates with Furin or PACE4, but not with control beads. Note that all
samples were analysed together on the same gels, but irrelevant lanes were excised where indicated. (B) Reverse pull down of Furin and PACE4
by Cripto confirms the specificity of binding. (C, D) Coimmunoprecipitation of Cripto with the P-domain (Pd) of Furin fused to the C terminus
of secreted CFP (C). For reverse pull down, the P-domain was provided with a signal sequence followed by a Flag epitope (D).
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propose that Cripto couples proteolytic maturation and

endocytosis of Nodal in target cells.

Cripto and Nodal reach the cell surface by an

unconventional exocytic pathway

Analysis of post-translational modifications of Cripto and

Nodal in immunoprecipitates revealed that uncleaved Nodal

binds Cripto before transit through the TGN. Furthermore,

immunostaining detected both of these proteins at the cell

surface even if secretion into the medium was blocked by

BFA. Thus, Nodal is exposed to extracellular Furin at the cell

surface without transport to the TGN and release into the

medium. TGN-independent exocytosis has been described

previously for the type I transmembrane protein CD45 in T

lymphocytes. CD45 with immature carbohydrates is exposed

at the cell surface well before sialylated isoforms (Baldwin

and Ostergaard, 2002). Similarly, the EndoH-sensitive GPI-AP

F3/Contactin enters lipid rafts and reaches the surface of

neuroblastoma cells by a BFA-resistant route (Bonnon et al,

2003). Non-secretory exocytic translocation of membrane

proteins is documented in neuroendocrine cells (Chieregatti

and Meldolesi, 2005), but how this process is regulated is

poorly understood.

Cripto assembles a Nodal-processing complex in

signal-receiving cells

In this study, we focused on the role of Cripto in Nodal

processing. There is no evidence that Cripto stimulates Furin

or PACE4 activities. However, Cripto bound the Nodal pre-

cursor and its convertases, and proNodal colocalized with

Cripto and was activated in transfection assays by PCs from

neighbouring cells. These results strongly support the idea

that Cripto is a PC receptor. Although we examined cell-

autonomous functions of Cripto, Cripto can also non-

autonomously stimulate Nodal receptors in neighbouring

cells (Gritsman et al, 1999; Yan et al, 2002; Chu et al,

2005). However, an essential role for cell non-autonomous

functions of Cripto has not been demonstrated, and in

zebrafish the GPI signal had to be deleted to detect this

activity, suggesting that wild-type Cripto primarily functions

cell-autonomously (Gritsman et al, 1999). Moreover, recom-

binant CriptoHis lacking a GPI anchor only rescued oep

mutant embryos when injected at non-physiologically high

concentrations (Minchiotti et al, 2001). GPI anchoring is also

essential to non-autonomously stimulate Nodal/Smad2,3 sig-

nalling in cell-based assays (Watanabe et al, 2007; JALG,

unpublished observation). Therefore, even non-autonomous

Figure 6 A complex of Cripto and Nodal is activated in signal-receiving cells. (A, B) Whole mount view (A, B) and frozen section (B0) of mouse
embryos stained 6.25 days after fertilization for Cripto (A, red) and subsequently for Nodal mRNA (B, purple). Nodal and Cripto transcripts
colocalize in the same cells (B’). Nodal transcripts are enriched near cell borders. Scale bars: 20mm. (C, D) Secreted Nodal in the medium (SN)
of transiently transfected 293Tcells is completely processed by endogenous PCs both with (þ ) or without Cripto (C). Nevertheless, induction
of the Nodal luciferase reporter pAR3-lux was enhanced up to two-fold if Nodal/Cripto reporter cells were co-cultured with cells overexpressing
Furin or PACE4, indicating that Nodal is likely to mature at the cell surface (D). PCs had no effect on reporter cells expressing empty vector (V).
(E) For comparison, PCs, Nodal, Cripto and luciferase reporter were co-transfected into a single population of cells and co-cultured with
untransfected cells. (F) Immunofluorescence analysis of non-permeabilized COS1 cells showing co-localization of Flag–Nr (green) with Cripto
(red). Wild-type (wt) Flag–Nodal was less abundant at the surface of Cripto-transfected cells (G), except when cleavage was blocked by adding
the PC inhibitor decanoyl-RVKR-chloromethylketone (H). (I) Cells transfected with Flag–Furin were co-cultured for 24 h with cells expressing
Cripto with or without uncleaved Nodal (Nr). The resulting complexes were reversibly crosslinked and immunoprecipitated by anti-Cripto
antibody. Anti-Flag immunoblotting showed that Furin was pulled down by a complex of Cripto and uncleaved Nodal precursor. Where
indicated by vertical lines, blots were cut to remove one intervening lane.
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effects of Cripto are likely to involve interactions with lipid

microdomains of target cells.

To assess whether binding of Cripto to uncleaved Nodal is

functionally relevant, we mapped a CIR in the Nodal propep-

tide. Mutation of four residues in this motif reduced binding

to Cripto and signalling, even though Cripto-independent

proteolytic processing in conditioned medium was unaf-

fected. These results support the idea that processing in a

culture medium can weakly stimulate Nodal signalling, but

that the CIR potentiates activation of Nodal at the plasma

membrane in a complex with Cripto.

To our knowledge, Cripto is the first receptor shown to

independently bind a PC and its substrate. Tissue inhibitors

of metalloproteinases can mediate binding of the PACE4 and

Figure 7 Cripto recruits Nodal to nonclathrin, noncaveolar endocytic compartments marked by Flotillin-1 and -2. (A) Antibody uptake by
Flag-tagged Nodal (red) in early endosomes expressing TfR was undetectable after 5 min irrespective of the presence or absence of Cripto.
(B) Nodal uptake in membranes marked by GFP–Caveolin-1 in the absence and presence of Cripto. (C) Cripto mediates Nodal uptake in
membranes expressing GFP–Flotillin-1. (D) Quantification of colocalization of internalized Nodal with GFP–Caveolin-1 and GFP–Flotillin-1
(***Po0.001, Student’s t-test). (E) Immunogold-labelled anti-Flag antibody internalized by Flag–Nodal in cells transfected with (bottom) or
without Cripto (top) decorates uncoated membrane invaginations (arrows). When co-transfected with Cripto, Nodal was also detected at the
surface (arrowhead). (F) Immunofluorescence staining of antibody that was internalized by Nodal in transfected COS1 cells (left panel). In cells
treated with nystatin (1 h), antibody is not internalized, but instead stains the cell membrane (red arrowheads, right panel). (G) Anti-Cripto
western blot of transfected COS1 treated for 4 h with or without nystatin. g-Tubulin was stained as a loading control. (H) Western blot analysis
of whole lysates and conditioned medium of 293T cells that were co-transfected with Cripto and the proteins indicated. Inhibition of
palmitoylated proteins by 2-bromo-palmitate (2BP) reduced Nodal secretion and dramatically inhibited precursor processing by endogenous
PCs and Flag-tagged Furin (lanes 1, 2, 4 and 5), and to a lesser extent exogenous Flag–PACE4 (lane 6). (I) Incubation of cells with 2-BP inhibits
both Nodal signalling in a luciferase reporter assay (left panel) and Nodal-mediated antibody uptake (right panels).
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PC5A CRDs to heparan sulphate proteoglycans (Nour et al,

2005), and membrane-tethered PC5/6A cleaves PCSK9

(Mayer et al, 2008). However, deletion of the CRD in Furin

did not abolish Cripto binding, which involves the conserved

P-domain.

Cripto stimulates Nodal uptake in Flotillin-positive

membrane microdomains

GPI-APs can be internalized by clathrin-independent carriers

(Sabharanjak et al, 2002; Kalia et al, 2006) expressing the

lipid raft scaffold proteins Flotillin-1 and -2 (Stuermer et al,

2001; Glebov et al, 2006). In our immunofluorescence

studies, Cripto enriched Nodal in microdomains that over-

lapped with GFP–Flotillin, whereas Nodal alone partially or

transiently localized to GFP–Caveolin carriers or unknown

scavengers. This conclusion was corroborated by our electron

microscopy analysis, which detected Nodal in uncoated

plasma membrane invaginations both in the presence and

absence of Cripto. Also in density gradients, a significant

amount of Nodal was detected in detergent-resistant mem-

branes independently of Cripto, and this proportion was

further increased by Cripto. These results indicate that

Cripto-mediated uptake may be required to deviate Nodal

from degradative endocytic compartments during proteolytic

maturation. In keeping with this model, caveloar uptake

by default poises TGFb and BMP receptors for degradation

(Di Guglielmo et al, 2003; Satow et al, 2006).

The lack of Nodal uptake in clathrin-coated plasma mem-

brane invaginations was striking. Even in cells expressing

Cripto, Nodal did not directly enter early endosomes.

However, exchange of cargo between clathrin-independent

carriers and early endosomes has been described

(Sabharanjak et al, 2002; Naslavsky et al, 2003, 2004;

Sharma et al, 2003; Pelkmans et al, 2004; Kalia et al, 2006),

and after a prolonged chase, internalized mature Nodal and

its propeptide are delivered to early endosomes (M-HB,

unpublished observation). Thus, we propose that Cripto-

mediated Nodal uptake couples proteolytic maturation with

endocytosis in signal-receiving cells. In this model, Nodal is

exocytosed together with Cripto for proteolytic processing

and autocrine signalling, or secreted through the TGN/en-

dosomal system for processing in neighbouring cells. It will

be interesting to determine whether Cripto also guides Nodal

convertases to lipid rafts, and to identify the scaffold proteins

involved. In the extracts of transfected cells, the amounts of

Furin and PACE4 in detergent-resistant membranes after

density gradient centrifugation were below detectable levels

(M-HB, unpublished observation). It will be important, there-

fore, to develop more sensitive methods or biosensors that

can detect PC activities in specific membrane microdomains.

Materials and methods

Expression and immunoprecipitation of Nodal, Cripto and PCs
in COS1 and 293T cells
Cell transfection (Constam and Robertson, 1999) and immunopre-
cipitation assays (Yan et al, 2002) have been described (detailed
information and a description of expression vectors are available
online).

Detection of Nodal signalling
Nodal activity was monitored using a luciferase assay in 293T
cells (Yan et al, 2002). Briefly, 48 h after co-transfection with Nodal,
Cripto and FoxH1, induction of the luciferase reporter AR3-lux

was measured and normalized relative to the expression of
transfected b-galactosidase. To mimic the situation in the embryo
where Nodal and its convertases are expressed in separate cell
populations, cells expressing Furin, PACE4 or empty vector
were mixed 24 h after transfection with separate cells expressing
Cripto, FoxH1 and the AR3-lux reporter with or without Nodal.
Co-cultures were lysed after 24 h to measure the induction of
luciferase activity.

Enzymatic removal of carbohydrates
Immunoprecipitated Cripto was incubated with N-glycosidase F or
EndoH (Roche) for 1 h at 371C in 50 mM sodium phosphate buffer
pH 5.5. De-glycosylated proteins were dissolved in SDS sample
buffer and analysed by immunoblotting.

Immunofluorescent staining of permeabilized and non-
permeabilized cells
To visualize the localization of Nodal and Cripto, cells transfected
on coverslips were fixed in 4% paraformaldehyde for 15 min.
Where indicated, cells were permeabilized with 0.02% Triton X-100
followed by indirect immunofluorescence analysis using fluores-
cein- or Cy3-coupled secondary anti-mouse or anti-rabbit antibodies
at the recommended concentrations (Molecular Probes). Cell
surface expression of Nodal and Cripto on non-permeabilized cells
was detected using anti-Flag M2 or anti-Cripto C terminus antibody
(dilution 1:400). For antibody uptake, transfected cells were
incubated at 371C for the indicated time in a culture medium
containing 9 mg/ml anti-Flag M2 antibody. After washing with PBS,
cells were fixed, permeabilized and stained as described above
using Cy3-anti-mouse antibody. Stained coverslips were mounted in
DABCO mounting medium and analysed by confocal microscopy
(Zeiss LSM 510).

Transmission electron microscopy
Electron microscopy was conducted as described online in
Supplementary data.

Double whole mount in situ hybridization
Embryos were dissected 6.5 days post-coitum and fixed overnight
at 41C in PBS containing 4% paraformaldehyde and 0.1% v/v
Tween-20. DIG-labelled Nodal and fluorescein-labelled Cripto
antisense mRNA probes were hybridized to whole mount embryos
and sequentially revealed using BM purple and INT/BCIP to detect
alkaline phosphatase conjugated to anti-DIG and anti-FLUO
antibodies (Roche), respectively. Frozen sections (8mm) were
obtained after embedding stained embryos in glycerol containing
30% (w/v) sucrose.

Density fractionation gradients
All of the following steps were performed in the cold room. At 48 h
after transfecting 6�105 COS1 cells, cells were incubated for 30 min
on ice in 200ml TNE buffer (25 mM Tris–HCl pH 7.4, 150 mM NaCl,
5 mM EDTA) containing protease inhibitors (Complete Mini, Roche)
and 1% Triton X-100. The resulting cell suspensions were passed 10
times through a 26G needle, and protein concentrations were
adjusted to 1.2mg/ml. Of the resulting homogenates, 90ml was
thoroughly mixed with 120ml of 60% Optiprep (stock solution;
Axon Lab) and then overlaid without mixing by 2 ml of 30%
Optiprep (diluted in TNE) and 190 ml of TNE buffer. After
centrifugation for 2 h (55 000 r.p.m., 25 9000� g at 41C), six 400ml
fractions were precipitated by adding sodium deoxycholate
(125 mg/ml) and trichloroacetic acid (4.8 mg/ml). After resuspension
in SDS sample buffer, proteins of interest were visualized in each
fraction by western blot analysis.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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