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The Ras/mitogen-activated protein kinase (MAPK) signaling pathway is tightly controlled by negative feedback regulators, such
as the tumor suppressor SPRED1. The SPRED1 gene also carries loss-of-function mutations in the RASopathy Legius syndrome.
Growth factor stimulation translocates SPRED1 to the plasma membrane, triggering its inhibitory activity. However, it remains
unclear whether SPRED1 there acts at the level of Ras or Raf. We show that pharmacological or galectin-1 (Gal-1)-mediated in-
duction of B- and C-Raf-containing dimers translocates SPRED1 to the plasma membrane. This is facilitated in particular by
SPRED1 interaction with B-Raf and, via its N terminus, with Gal-1. The physiological significance of these novel interactions is
supported by two Legius syndrome-associated mutations that show diminished binding to both Gal-1 and B-Raf. On the plasma
membrane, SPRED1 becomes enriched in acidic membrane domains to specifically perturb membrane organization and extra-
cellular signal-regulated kinase (ERK) signaling of active K-ras4B (here, K-ras) but not H-ras. However, SPRED1 also blocks on
the nanoscale the positive effects of Gal-1 on H-ras. Therefore, a combinatorial expression of SPRED1 and Gal-1 potentially reg-
ulates specific patterns of K-ras- and H-ras-dependent signaling output. More broadly, our results open up the possibility that
related SPRED and Sprouty proteins act in a similar Ras and Raf isoform-specific manner.

SPRED (Sprouty-related proteins with an EVH1 domain) pro-
teins are Sprouty-related negative modulators of Ras/mito-

gen-activated protein kinase (MAPK) signaling, and they have
been shown to attenuate extracellular signal-regulated kinase
(ERK) activity following various extracellular mitogenic stimuli
(e.g., growth factors, cytokines, and chemokines) (1–5). The
mammalian SPRED family contains four members, SPRED1,
SPRED2, SPRED3, and Eve-3, the last of which is a splice variant
of SPRED3 (1, 2, 6). SPRED1 and SPRED2 proteins contain an
N-terminal enabled/vasodilator-stimulated phosphoprotein
homology-1 (EVH1) domain and a cysteine-rich C-terminal
Sprouty-related (SPR) domain, separated by a small c-Kit-bind-
ing domain (KBD) (2, 7). The SPR domain is necessary for mem-
brane anchoring following growth factor stimulation (5), and
both EVH1 and SPR domains have been implicated in ERK sup-
pression (5, 8, 9). SPRED3 lacks a functional KBD and shows
lower inhibitory activity than SPRED1 and -2, suggesting that the
KBD also participates in inhibiting ERK activity (1–5).

The precise mechanism of action of how SPRED proteins block
MAPK signaling remains unclear. Overexpression of SPRED1 was
suggested to increase the recruitment of the Ras effector Raf to the
plasma membrane, where its association with Ras does not, how-
ever, lead to Raf activation (1, 2, 6). Instead, SPRED1 was reported
to prolong Ras-Raf complexation, thus withdrawing Raf from ac-
tivation by phosphorylation (2, 7). Another study showed that
overexpression of SPRED1 inhibits Ras activation, as evidenced by
decreased levels of GTP-bound Ras (5, 8). Consistent with this last
model, SPRED1 was reported to reduce GTP-Ras levels and
MAPK signaling by corecruiting neurofibromin (NF1), a Ras-in-
activating and GTPase-activating protein (GAP), to the plasma
membrane (5, 8–10).

Despite these mechanistic uncertainties, the important role of
SPRED proteins in developmental processes is well appreciated. In
vivo studies of SPRED1- or SPRED2-deficient mice have demon-
strated that lack of a single SPRED protein causes dysfunctions in
bone development, hematopoietic processes, and allergen-in-

duced airway eosinophilia, without affecting viability and fertility
of the mice (3, 11, 12). In contrast, the double knockout of
SPRED1 and SPRED2 is lethal (13), suggesting a significant role of
these proteins during development. In humans, germ line loss-of-
function mutations in SPRED1 were discovered in patients with
Legius syndrome. This syndrome belongs to a class of develop-
mental disorders called RASopathies, as they are caused by mild
overactivation of the Ras/MAPK pathway (14–16). Loss-of-func-
tion mutations in this syndrome typically lead to a C-terminally
truncated protein (14), underscoring the significance of the C-ter-
minal domain for the biological activity of these proteins.

The Ras/MAPK signaling pathway is an essential regulator of
cellular differentiation and survival. Its aberrant regulation is typ-
ically implicated in malignant transformation (17, 18). Around
30% of all human tumors carry a mutation in HRAS, NRAS, or
KRAS genes. KRAS is the most frequently mutated isoform, with
oncogenic mutations detected in 22% of all screened tumors,
while the rates for mutations in HRAS and NRAS are lower (8%
and 3%, respectively) (19, 20). KRAS is expressed as two splice
variants (K-ras4A and K-ras4B) that are both expressed in cancer
(21); however, K-ras4B (here, K-ras) is the predominant splice
variant and has gained most attention in cancer studies. Ras pro-
teins require membrane association in order to be biologically
active (22). GTP-loaded Ras recruits downstream effectors to the
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plasma membrane (23). Three Raf effector isoforms, A-Raf, B-
Raf, and C-Raf (often referred to as Raf-1), can be distinguished in
mammals. They function as the initiating activators of the three-
tiered MAPK signaling (Raf-MEK-ERK) cascade. All three Ras
isoforms can promiscuously activate Raf, with the most potent
activator being K-ras (24, 25). Raf binds to the effector region of
GTP-Ras, which is the first signal to recruit cytosolic Raf to the
plasma membrane. As a consequence, 14-3-3 protein is released
from the N-terminal region of Raf, which liberates its autoinhibi-
tory closed conformation (26, 27). Moreover, homo- or het-
erodimerization of the Raf kinases is a crucial step in Raf activa-
tion. Dimerization allows for Raf transactivation; i.e., an
“activator” Raf kinase allosterically induces cis-autophosphoryla-
tion and thus activation of a “receiver” Raf kinase (28). In this
model, phosphorylation of an N-terminal acidic (NtA) motif is
required for a Raf kinase to become an activator. As this motif is
constitutively phosphorylated in B-Raf, it is the primary activator.
On the other hand, C-Raf requires phosphorylation of the NtA in
a MEK-dependent manner, explaining the positive feedback loop
between MEK and C-Raf. Moreover, B-Raf/C-Raf heterodimers
are more potent MEK activators than the respective homodimers
(29–31). In recent years, it has become clear that Raf inhibitors can
paradoxically activate the MAPK pathway by promoting homo-
and/or heterodimerization of the Raf isoforms (32–34).

Galectin-1 (Gal-1) belongs to a family of �-galactoside binding
proteins with conserved carbohydrate recognition domains (35).
Galectins are multifunctional proteins, which regulate both intra-
and extracellularly several functions, including cell-cell adhesion,
migration, and protein trafficking (36, 37). Galectins also have a
role in tumor progression and metastasis, and their expression is
often associated with a poor prognosis (38). We have recently
shown that dimeric Gal-1 binds to the Ras binding domain (RBD)
of effectors, and both the intact Gal-1 dimer interface and that to
the RBD are required for Gal-1 to positively regulate the nanoscale
clustering of GTP–H-ras and negatively regulate that of GTP–K-
ras (39). These results therefore imply the striking possibility that
Gal-1 is an endogenous Raf dimer stabilizer.

While SPRED1 is a well-established negative regulator of the
Ras/MAPK signaling pathway, it is not known exactly how it is
translocated to the plasma membrane and which Ras or Raf iso-
form it targets. Here, we show that either epidermal growth factor
(EGF) stimulation or Gal-1 expression leads to SPRED1 plasma
membrane translocation in a B-Raf- and C-Raf-dependent man-
ner. Gal-1 appears to directly interact with SPRED1, while
SPRED1 most prominently binds to B-Raf. Legius syndrome-as-
sociated SPRED1 mutants are defective in Gal-1 and B-Raf bind-
ing. Gal-1-mediated SPRED1 plasma membrane translocation
then specifically disturbs K-ras but not H-ras membrane anchor-
age with a subsequent loss of ERK signaling. Our results reveal a
complex mechanism of how SPRED1 specifically attenuates K-
ras-associated MAPK signaling.

MATERIALS AND METHODS
Plasmids and molecular cloning. Mouse wild-type pcDNA3-SPRED1
and a pcDNA3-�C-SPRED1 deletion mutant (26-amino-acid deletion in
the C terminus) have been described previously (2, 5). To generate plas-
mids pmGFP-SPRED1 (where mGFP is monomeric green fluorescent
protein) and pmGFP-�C-SPRED1, SPRED1 sequences from pcDNA3-
SPRED1 and pcDNA3-�C-SPRED1, respectively, were subcloned into
the XbaI and HindIII restriction sites of the plasmid pmGFP-H-rasG12V.

To generate the construct mCherry-SPRED1, the SPRED1 sequence from
pcDNA3-SPRED1 was subcloned into the EcoRI and XbaI restriction sites
of the plasmid pmCherry-C1 (Clontech Laboratories, Inc., Mountain
View, CA). In order to generate the N-terminal EVH1 deletion of SPRED1
(124-amino-acid deletion; �N-SPRED1), the sequence of SPRED1 was
first amplified from plasmid mGFP-SPRED1 by PCR using the forward
primer 5=-CAGGATCCGGGTGCCCAGCGTC-3= (Clontech) and the
reverse primer 5=-TCTAGATCCGGTGGATCCCGGGCC-3= (Clon-
tech). The amplified PCR product was purified and subcloned into
pCR II-Blunt-TOPO (Invitrogen, Carlsbad, CA). Then, �N-SPRED1
(SPRED1125– 444) was subcloned into XbaI and BamHI restriction sites of
mGFP-SPRED1. Plasmid mGFP-SPRED1 served as a template to which
mutations were introduced by site-directed mutagenesis (GenScript USA,
Inc., Piscataway, NJ) in order to generate plasmids pmGFP-SPRED1-
T102R and pmGFP-SPRED1-P415A. Plasmids for mCherry–H-rasG12V,
mCherry–K-rasG12V, and mGFP–K-rasG12V were described elsewhere
(40). Plasmids for mRFP–Gal-1 (where mRFP is monomeric red fluores-
cent protein) and mGFP–H-rasG12V were described in Abankwa et al.
(41, 42), and pcDNA3-Gal-1 was described in Paz et al. (43). Plasmids
containing the full C-terminal hypervariable region of K-ras4B or H-ras
(pmGFP-CTK or pmGFP-CTH, respectively) were described elsewhere
(42, 44, 45). Plasmids pmRFP-CTK, pmRFP-CTH, and pEGFP-B-Raf
(where EGFP is enhanced GFP) were generous gifts from John F. Han-
cock. Plasmids pEGFP-LactC2 (46) and GFP-ARNO-PH (where PH is
pleckstrin homology) (47) were described previously. GFP-C1-PLC�-PH
(where PLC� is phospholipase C�) was from Addgene (21179; Cam-
bridge, MA). pEGFP-A-Raf was from Angela Baljuls, and pEGFP-C-Raf
was from Krishnaraj Rajalingam.

Cell culture and transfections. Human embryonic kidney 293
(HEK293)-EBNA cells were described in Meissner et al. (48), and MDCK
cells stably expressing mGFP-K-rasG12V or mGFP-H-rasG12V were de-
scribed in Cho et al. (49). Baby hamster kidney 21 (BHK21) cells were
obtained from the ATCC repository. All cell lines were grown in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% fetal calf
serum (FCS), L-glutamine, penicillin (100 U/ml), and streptomycin (100
�g/ml). Cells were passaged at 80 to 90% confluence every 3 to 4 days.

JetPRIME transfection reagent (Polyplus Transfection, Inc., Illkirch,
France) was used for transfections of subconfluent HEK293-EBNA or
MDCK cells according to the manufacturer’s instructions. The cells were
used for experiments after an expression time of 24 h.

Growth factor and inhibitor treatments. Cells were first transfected
for 24 h with mGFP-SPRED1 alone or together with mCherry-SPRED1
using JetPRIME according to the manufacturer’s protocol. For EGF stim-
ulation, the cells were washed twice with starvation medium (DMEM
without 10% FCS) and starved for 5 h at 37°C. The cells were then stim-
ulated with 100 ng/ml EGF (Sigma-Aldrich) for 10 min at 37°C and fixed
with 4% paraformaldehyde (PFA) for 20 min at room temperature (RT).
For inhibitor treatments, the cells were treated with 50 �M sorafenib
(S1040; Selleckchem, Munich, Germany) for 2 h, with 10 �M PLX4720
(S1152; Selleckchem) for 1 h, with 10 �M PLX7904 (HY-18997; Med-
Chem Express, Princeton, NJ), or with 10 �M PLX8394 (HY-18972; Med-
Chem Express) for 1 h at 37°C and fixed with 4% PFA. For treatment with
inhibitor plus EGF, the cells were first starved as above and then treated
with sorafenib (50 �M; 2 h at 37°C), PLX7904 (10 �M; 1 h at 37°C), or
PLX8394 (10 �M; 1 h at 37°C) and finally stimulated with EGF (100
ng/ml; 10 min at 37°C) and fixed with PFA. Control samples for sorafenib
were treated with 0.5% dimethyl sulfoxide (DMSO; diluted in the growth
medium) for 2 h at 37°C, and control samples for PLX4720, PLX7904, and
PLX8394 were treated with 0.1% DMSO for 1 h at 37°C.

Western blot analysis. Samples were separated in 10% SDS-poly-
acrylamide gels and electroblotted onto polyvinylidene difluoride mem-
brane (Immobilon-P transfer membrane; Merck Millipore, Darmstadt,
Germany) or onto nitrocellulose membrane (Amersham Hybond-ECL;
GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). The
following antibodies were used: phospho-p44/42 MAPK (9101) and
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p44/42 MAPK (9102) (both from Cell Signaling Technology, Beverly,
MA); ARAF (sc408), BRAF (sc166), CRAF (sc133), and SPRED1
(sc98290) (all from Santa Cruz, Inc., CA); galectin-1 (500-P210; Pepro-
tech); GFP (3999-100; BioVision); and �-actin (A-1978; Sigma-Aldrich).
Horseradish peroxidase (HRP)-conjugated secondary antibodies (chicken
anti-mouse IgG–HRP [sc2954] and goat anti-rabbit IgG-HRP [sc2004];
Santa Cruz) were used as secondary antibodies. The bands were visualized
by enhanced chemiluminescence (ECL; Bio-Rad, Hercules, CA) using a
Chemidoc MP system (Bio-Rad). Band intensities were normalized to the
�-actin or ERK1/2 level using Image Lab software (Bio-Rad). Averages
from two to three biological repeats were calculated.

Coimmunoprecipitation assay (GFP-Trap). EGFP-tagged full-
length A-Raf, B-Raf, or C-Raf was cotransfected in HEK cells with un-
tagged SPRED1 for 24 h. Cells were harvested and washed with ice-cold
phosphate-buffered saline (PBS) and resuspended in lysis buffer (50 mM
Tris-HCl, pH 7.5, 1% Triton X-100, 137 mM NaCl, 1% glycerin, 1 mM
sodium orthovanadate, 0.5 mM EDTA). Immunoprecipitation was then
performed using GFP-Trap A (agarose) beads according to the manufac-
turer’s protocol (ChromoTek). Samples were separated in a 10% SDS-
polyacrylamide gel and electroblotted onto polyvinylidene difluoride
membrane (Merck Millipore).

siRNA experiments. The following small inhibitory RNAs (siRNAs)
were used: human RAF-1 (L-003601-0005), human BRAF (L-003460-
0005), human ARAF (L-003563-0005), and, as a control, a nontargeting
negative-control siRNA (D-001810-10-05) (all On-Target Plus SMART
Pool siRNAs; Dharmacon RNA Technologies, Lafayette, CO). First, cells
were transfected with siRNAs (25 nM each) using JetPRIME according to
the manufacturer’s protocol for siRNA transfections. After 24 h, the cells
were transfected with mGFP-SPRED1 alone or cotransfected with
mCherry-SPRED1 or mRFP–Gal-1 using JetPRIME according to the
manufacturer’s instructions, and the incubations were continued for an-
other 24 h. For EGF stimulations, the cells were first transfected with
siRNAs, as described above, for 24 h. The cells were then serum starved for
5 h, which was followed by transfection with mGFP-SPRED1 for another
24 h under serum-free conditions; alternatively, after siRNA treatments,
the cells were cotransfected with mGFP-SPRED1 and mCherry-SPRED1
for 24 h, followed by starvation for 5 h. The knockdown efficiency of the
siRNAs was shown by SDS-PAGE and Western blot analysis of the respec-
tive proteins. Band intensities were normalized to the level of �-actin
using Image Lab software (Bio-Rad).

In situ PLA. BHK21 cells were cultured on coverslips and fixed with
ice-cold methanol for 10 min. Samples were incubated with Santa Cruz
mouse monoclonal antibodies against A-Raf (sc-135820), B-Raf (sc-
5284), or C-Raf (sc-376142) and rabbit polyclonal anti-SPRED1-anti-
body (PA5-20617; Thermo Fisher) for 1 h. A proximity ligation assay
(PLA) was carried out with a Duolink II in situ PLA kit (Sigma-Aldrich)
according to the instructions of the manufacturer (Olink Biosciences,
Sweden). Coverslips were mounted on glass slides using Duolink in situ
mounting medium with 4=,6=-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich).

Immunofluorescence (IF) labeling and confocal microscopy.
MDCK cells were fixed with ice-cold methanol (10 min) and ice-cold
acetone (5 min). Cells were then blocked with PBS (Sigma-Aldrich) con-
taining 3% bovine serum albumin (BSA) for 1 h at RT and treated with
antibodies diluted in 3% BSA-PBS. Monoclonal anti-c-myc antibody
(clone 9E10; Sigma-Aldrich), which specifically recognizes the c-myc tag,
was used to detect myc-tagged wild-type SPRED1. Highly pre-cross-ab-
sorbed goat anti-mouse antibody–Alexa Fluor 647 (A-21235; Thermo
Fisher Scientific, Waltham, MA) was used as a secondary antibody against
mouse primary antibody. The cells were mounted in Mowiol 4-88 (81381;
Sigma-Aldrich).

HEK cells were fixed with 4% PFA for 20 min at RT and blocked with
blocking solution (3% BSA and 0.3% Triton X-100 in PBS) for 1 h at RT.
The cells were then treated with myc-tagged mouse monoclonal antibody
labeled with Alexa Fluor 647 conjugate (2233; Cell Signaling), which was

diluted in antibody blocking solution (1% BSA and 0.3% Triton X-100 in
PBS). After overnight incubation at �4°C, the cells were washed with PBS
and mounted in Mowiol 4-88.

Both IF-labeled proteins and fluorescently tagged plasmids were ex-
amined with a Zeiss LSM780 confocal microscope (Zeiss, Jena, Germany)
(63� water immersion objective; numerical aperture [NA], 1.2; mGFP
excitation at 488 nm, mRFP/mCherry excitation at 543 nm, and Alexa
Fluor 647-secondary antibody excitation at 633 nm) by using Zen2010
software (Zeiss). For the PLA assay, images were acquired with a 40�
water immersion objective (NA, 1.2; DAPI excitation at 360 nm and
Duolink in situ detection reagent red excitation at 594 nm). Imaging was
performed at the Cell Imaging Core, Turku Center for Biotechnology,
University of Turku and Åbo Akademi University. All images were pre-
pared and PLA signals were analyzed with Fiji, an image processing plat-
form based on ImageJ (50). Approximately 30 cells from two to three
independent experiments, with 10 to 15 cells from each experiment, were
imaged.

FRET imaging using fluorescence lifetime microscopy (FLIM). HEK
cells were grown on coverslips overnight and transfected with an mGFP-
tagged donor construct and mCherry- or mRFP-tagged acceptor con-
struct (1:3 ratio; 0.5 �g:1.5 �g of plasmid DNA) using JetPRIME for 24 h.
This realizes comparable expression ratios across all expression levels, as
shown previously (41). Cells were then fixed with 4% PFA and mounted
with Mowiol 4-88 on microscope slides. Fluorescence lifetimes of the
mGFP- or EGFP-tagged donor constructs were measured using a fluores-
cence lifetime imaging attachment (Lambert Instruments, Leutingwolde,
The Netherlands) on an inverted microscope (Zeiss Axio Observer.D1) as
previously described (51). Fluorescein (0.01 mM, pH 9) was used as a
lifetime reference standard. In addition, it served to calibrate a fixed set-
ting that allows acquisition of data from cells with comparable expression
levels. Two or three biological repeats were performed, and the apparent
fluorescence resonance energy transfer (FRET) efficiency was calculated
from obtained fluorescence lifetimes (51). Our well-established mem-
brane FRET assay has been described elsewhere (45, 52–54).

Statistical analysis. Statistical differences were determined using anal-
ysis of variance (ANOVA) complemented by Tukey’s honest significant
difference (HSD) test. Prism, version 5, software (GraphPad Software,
Inc., La Jolla, CA) was used to perform the analyses. Statistical significance
levels are shown in the figure legends.

RESULTS
Raf inhibitor or galectin-1 treatment translocates SPRED1 to
the plasma membrane. The C terminus of SPRED1 is required for
its plasma membrane translocation and ability to suppress MAPK
signaling (5, 55). Translocation can be triggered by stimulation
with growth factors, such as EGF (Fig. 1A), suggesting that it is
required for mediating the negative feedback on MAPK signaling.
However, it is presently unclear how plasma membrane translo-
cation is enabled.

In order to establish whether signaling downstream of Raf ki-
nase activity is required for this relocalization event, we stimulated
HEK293-EBNA (here HEK) cells expressing mGFP-SPRED1 with
EGF for 10 min in the presence of the Raf inhibitor sorafenib.
Sorafenib was not able to block SPRED1 translocation, suggesting
that events downstream of Raf kinase activity are not required
(Fig. 1A). Surprisingly, the control sample revealed that sorafenib
alone was sufficient to efficiently translocate SPRED1 to the
plasma membrane (Fig. 1A). This was also the case with another
potent Raf inhibitor, PLX4720, which clearly induced SPRED1
translocation to the plasma membrane (see Fig. S1A and B in the
supplemental material). We hypothesized that this sorafenib- and
PLX4720-triggered event is associated with their ability to
dimerize Raf kinases (33, 34, 56). This was confirmed using the
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FIG 1 Raf inhibitor sorafenib or galectin-1 induces SPRED1 plasma membrane translocation. (A) Confocal images of HEK cells transiently transfected with mGFP-
SPRED1 for 24 h, followed by control treatment (0.5% DMSO in growth medium) for 2 h, serum starvation for 5 h and stimulation with EGF (100 ng/ml, 10 min), serum
starvation for 5 h and sorafenib treatment (50 �M, 2 h) followed by EGF stimulation (100 ng/ml, 10 min), or sorafenib treatment alone (50 �M, 2 h), as indicated. Scale
bars, 10 �m. (B) HEK cells were transiently transfected with mGFP-SPRED1 for 24 h, followed by control treatment (0.1% DMSO in growth medium) for 1 h, serum
starvation for 5 h and stimulation with EGF (100 ng/ml, 10 min), serum starvation for 5 h and PLX7904 treatment (10 �M, 1 h) followed by EGF stimulation (100 ng/ml,
10 min), or PLX7904 treatment alone (10 �M, 1 h), as indicated. The cells were imaged by confocal microscopy. Scale bars, 10 �m. (C) A SPRED1 membrane
translocation FRET assay was conducted in HEK cells transiently coexpressing mGFP-/mCherry-SPRED1. After 24 h of transfection, the cells were treated as described
for panel B and fixed. Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate the standard errors of the means. ***, P �
0.001; ns, nonsignificant. (D) mGFP-SPRED1 and mRFP–Gal-1 were transiently cotransfected in HEK cells for 24 h and imaged by confocal microscopy. Scale bars, 10
�m. (E) A SPRED1 membrane translocation FRET assay was conducted in HEK cells transiently coexpressing mGFP-/mCherry-SPRED1. The cells were coexpressed
with untagged Gal-1 or starved for 5 h and stimulated with EGF (100 ng/ml, 10 min) or treated with sorafenib (50 �M, 2 h). Numbers inside the bars correspond to the
total number of cells studied in each case. Error bars indicate the standard errors of the means. ***, P � 0.001. (F) A SPRED1 membrane translocation FRET assay was
conducted in HEK cells transiently coexpressing mGFP-/mCherry-SPRED1. The cells were starved for 5 h (control) or coexpressed with untagged Gal-1 and starved for
5 h, or starved for 5 h and stimulated with EGF (100 ng/ml, 10 min), or coexpressed with untagged Gal-1 followed by starvation for 5 h and stimulation with EGF (100
ng/ml, 10 min). Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate the standard errors of the means. **, P � 0.01;
***, P � 0.001. (G) mGFP-�C-SPRED1, a C-terminal deletion mutant, or mGFP-�N-SPRED1, an N-terminal deletion mutant, was cotransfected together with
mRFP–Gal-1 for 24 h in HEK cells and imaged by confocal microscopy, as indicated. The schematic representation of domain structures shows the differences between
wild-type (WT) SPRED1 and the deletion mutants. The �C-SPRED1 mutant lacks 26 amino acids from the C terminus, and the �N-SPRED1 mutant lacks 124 amino
acids from the N terminus. EVH1, Ena/vasodilator-stimulated phosphoprotein (VASP) homology-1 domain; KBD, c-Kit-binding domain; SPR, Sprouty-related
domain. Scale bars, 10 �m. (H) Interaction between WT mGFP-SPRED1 or mGFP-tagged SPRED1 mutants with mRFP–Gal-1 was detected using FRET in HEK cells
transiently expressing the constructs as indicated. Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate the standard
errors of the means. ***, P � 0.001.
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next-generation Raf inhibitor PLX7904 and its optimized ana-
logue PLX8394, which do not induce Raf dimers or paradoxical
activation of the MAPK pathway in the presence of mutant Ras (so
called “paradox breakers”) (57). Confocal imaging showed that
under normal serum conditions, neither of the next-generation
Raf inhibitors induced SPRED1 translocation to the plasma mem-
brane (Fig. 1B; see also Fig. S1C). Yet EGF stimulation was able to
induce SPRED1 translocation also in the presence of PLX7904
(Fig. 1B) and PLX8394 (see Fig. S1C), demonstrating that Raf
phosphorylation is not essential for SPRED1 relocalization.

In order to quantify these SPRED1 translocation events to the
plasma membrane, we conducted fluorescence resonance energy
transfer (FRET) experiments. In general, FRET reports on molec-
ular proximities due to clustering or interaction events. Typically,
a donor and an acceptor fluorophore are attached to the compl-
exation partners allowing the detection of FRET if the fluorophore
distance remains approximately below 10 nm in the complex. We
employed fluorescence lifetime imaging microscopy (FLIM) for
fast, robust, and precise quantification of FRET (58). Due to the
limited resolution capabilities of our microscopy setup, whole-cell
FLIM-FRET values were determined; however, confocal imaging
data of the FRET donor readily provided information on the sub-
cellular structures from which FRET emerged.

Specifically, we coexpressed mGFP- and mCherry-tagged
SPRED1, expecting that increased concentration of SPRED1 on
the plasma membrane would lead to an increase of FRET
(SPRED1 membrane translocation FRET assay), as observed for
similar biosensors (52, 53). Indeed, compared to the normal se-
rum level control, EGF stimulation significantly increased the
FRET (Fig. 1C; see also Fig. S1D in the supplemental material), in
line with the increased plasma membrane localization (Fig. 1A; see
also Fig. S1C). Conversely, neither of the paradox breaker inhibi-
tors, PLX7904 or PLX8394, blocked the EGF-induced increase in
FRET (Fig. 1C; see also Fig. S1D), as expected based on confocal
imaging data showing that SPRED1 readily translocates to the
plasma membrane (Fig. 1B; see also Fig. S1C).

Moreover, these FRET experiments could quantify the effect of
Raf inhibitors on SPRED1 plasma membrane translocation under
normal serum levels. While both sorafenib and PLX4720 in-
creased the FRET (Fig. 1E; see also Fig. S1B), this was not the case
with the paradox breakers (Fig. 1C; see also Fig. S1D).

Therefore, these Raf inhibitor experiments suggest that Raf
dimer induction by first-generation Raf inhibitors is sufficient to
translocate SPRED1 to the plasma membrane under normal se-
rum levels. Moreover, EGF-induced translocation of SPRED1 is
insensitive to Raf kinase inhibition.

We have recently described the small, dimeric protein galec-
tin-1 (Gal-1) as a candidate Raf dimer stabilizer (39). We therefore
explored whether expression of Gal-1 in HEK cells is sufficient to
induce SPRED1 translocation. Intriguingly, expression of mRFP-
tagged Gal-1 in HEK cells under normal serum levels led to a clear
relocalization of mGFP-tagged SPRED1 from the cell cytosol to
the plasma membrane (Fig. 1D), which was indistinguishable
from what we observed after acute EGF stimulation (Fig. 1A). This
was supported by quantification with our SPRED1 membrane
translocation FRET assay (Fig. 1E).

However, when EGF stimulation and Gal-1 expression are
combined in HEK cells that are naturally almost devoid of Gal-1,
their joint effect exceeded that of the individual treatments
(Fig. 1F). This suggests that the EGF-induced increased mem-

brane concentration of SPRED1 is significantly enhanced by
Gal-1.

SPRED1 requires its C-terminal cysteine-rich Sprouty-related
domain for plasma membrane localization (2, 55). On the other
hand, the N-terminal EVH1 domains of SPRED proteins also ap-
pear to participate in ERK inhibition (2, 9, 59). We therefore stud-
ied whether N- or C-terminal SPRED1 deletion mutants still
translocated after Gal-1 expression. Confocal imaging showed
that Gal-1-induced SPRED1 translocation required an intact C
terminus of SPRED1, while an N-terminal deletion mutant (lack-
ing the EVH1 domain) still exhibited some degree of plasma
membrane localization (Fig. 1G).

In order to establish whether this effect was mediated by the
interaction of Gal-1 and SPRED1, we conducted FRET experi-
ments on HEK cells. We observed significant FRET between
SPRED1 and Gal-1 (Fig. 1H), consistent with a direct interaction
or close complexation of these proteins. Interestingly, the C-ter-
minal truncation mutant of SPRED1, which localized to the cyto-
plasm (Fig. 1G), also showed FRET levels similar to those of the
full-length protein (Fig. 1H), suggesting that Gal-1 and SPRED1
already exist in a complex in the cell cytoplasm. For the N-termi-
nal truncation mutant, we observed a significant loss of FRET
compared to the level in the full-length SPRED1, which may sug-
gest that this part of the protein is involved in mediating the
SPRED1–Gal-1 interaction (Fig. 1H). This partial loss of interac-
tion also explains the compromised Gal-1-mediated membrane
translocation of the N-terminally truncated SPRED1 (Fig. 1G).

In conclusion, Raf dimer induction by first-generation Raf in-
hibitors or expression of the bona fide Raf dimer stabilizer Gal-1
drives SPRED1 to the plasma membrane under normal serum
levels. Similar to the other biological activities of SPRED1 (2), the
activity of Gal-1 required the C terminus of SPRED1, while the N
terminus appeared to mediate interaction with Gal-1. Gal-1 may
therefore be a novel, significant enhancer of SPRED1 activity.

Depletion of B- or C-Raf abolishes SPRED1 membrane
translocation. In order to establish whether Raf homo- or het-
erodimers mediate the Gal-1-induced SPRED1 relocalization, we
knocked down one or two Raf isoforms, thus relatively enriching
concentrations of the remaining isoforms. All specific siRNAs
against A-Raf, B-Raf, or C-Raf silenced the expression of their
target proteins by 80 to 90% (see Fig. S2A in the supplemental
material) without affecting the expression of the other Raf iso-
forms. We first silenced Raf isoforms for 24 h, followed by
cotransfection of mGFP-tagged SPRED1 and mRFP-tagged Gal-1
for a further 24 h. Confocal imaging showed that in A-Raf-si-
lenced cells, SPRED1 translocation to the plasma membrane was
unaffected and showed plasma membrane localization similar to
that in the cells transfected with negative-control siRNA (Fig. 2A
and B). However, knockdown of either B-Raf or C-Raf prevented
SPRED1 translocation (Fig. 2B), suggesting an important role of
these Raf isoforms in Gal-1-induced SPRED1 translocation. Like-
wise, EGF-induced translocation was evident in cells transfected
with a negative-control siRNA (Fig. 2A, right), but it was abol-
ished if B- or C-Raf expression was downmodulated (Fig. 2C; see
also Fig. S2B). This was confirmed by quantification with our
SPRED1 membrane translocation FRET assay (Fig. 2D; see also
Fig. S2C). Therefore, B-/C-Raf specificity is probably not associ-
ated with Gal-1 but with SPRED1. These data were supported by
Raf double-knockdown experiments that would have shifted the
equilibrium to remaining Raf homodimers. Basically all double
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knockdowns compromised the Gal-1-induced SPRED1 relocal-
ization (see Fig. S2D).

Next, we examined whether overexpression of Raf isoforms
alone could trigger SPRED1 translocation. While overexpression
of individual Raf isoforms did not change SPRED1 localization
(see Fig. S2E in the supplemental material), coexpression of B-Raf
together with C-Raf clearly translocated SPRED1 to the plasma
membrane, while the other Raf pairs were not sufficient (Fig. 2E).

In summary, these results suggest that B-/C-Raf dimers are
required to translocate SPRED1 to the plasma membrane.

B-Raf is the major Raf isoform interacting with SPRED1. We
next examined whether SPRED1 interacts with the different Raf
isoforms. Coimmunoprecipitation analysis of mGFP-tagged
SPRED1 found it in a complex with B-Raf but not A-Raf or C-Raf
(Fig. 3A). Interestingly, the SPRED1/B-Raf complex was also
found in serum-starved cells (Fig. 3B), indicating that complex

-
-
-
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FIG 2 Silencing of B-Raf or C-Raf abrogates SPRED1 plasma membrane translocation. (A) Gal-1- or EGF-induced SPRED1 localization under nontargeting
control siRNA treatment. (B) A-Raf, B-Raf, and C-Raf were first silenced with specific siRNAs (si- prefixes) in HEK cells for 24 h, and then the cells were
transfected with mGFP-SPRED1 and with mRFP–Gal-1 for another 24 h. Scale bars, 10 �m. (C) EGF-induced SPRED1 localization after knockdown of
individual Raf proteins. The cells were first treated with an siRNA for 24 h and then serum starved for 5 h, followed by transfection of mGFP-SPRED1 for another
24 h under serum-starved conditions. After that, the cells were stimulated with EGF (100 ng/ml) for 10 min and fixed. Scale bars, 10 �m. (D) A SPRED1
membrane translocation FRET assay was conducted in HEK cells transiently coexpressing mGFP-/mCherry-SPRED1. HEK cells were first siRNA treated for 24
h, followed by cotransfections of SPRED1 constructs for another 24 h. The cells were kept under normal serum conditions and fixed (gray bar). Other HEK cells
were first treated with siRNA for 24 h, followed by cotransfections of SPRED1 constructs for another 24 h. After that, the cells were starved for 5 h and stimulated
with EGF (100 ng/ml) for 10 min and fixed (blue bars). Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate
the standard errors of the means. ***, P � 0.001; ns, nonsignificant. (E) HEK cells were transfected with an EGFP-tagged A-Raf, B-Raf, or C-Raf construct
together with myc-tagged SPRED1 for 24 h, followed by labeling with myc tag antibody (Alexa Fluor 647 conjugate). The cells were imaged by confocal
microscopy. Scale bars, 10 �m.
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formation is constitutive. To further analyze the interaction of
SPRED1 with Raf isoforms in intact cells, we conducted FLIM-
FRET experiments in HEK cells. High FRET was detected between
SPRED1 and B-Raf but not with the other Raf isoforms (Fig. 3C).
Finally, to examine the association of endogenously expressed
SPRED1 and Raf isoforms in situ, we performed proximity liga-
tion assays (PLAs) (Fig. 3D). These experiments confirmed a spe-
cific interaction of endogenous SPRED1 with B-Raf.

SPRED1 selectively disturbs membrane anchorage of K-ras.
Sorafenib-induced B-/C-Raf heterodimers have been linked to
specific increases in the nanoscale clustering of oncogenic K-ras4B
(here, K-ras) (60, 61), which resides in acidic lipid nanodomains
(62). While evidence for the localization of SPRED1 to acidic lipid
domains exists (55), details on the composition are not known.

We therefore used FRET analysis to map in detail the nanoscale
colocalization of SPRED1 and specific lipid probes. Confocal im-
aging revealed that under normal serum levels, lipid probes EGFP-
ARNO {a probe for phosphatidylinositol-3,4,5-trisphosphate
[PI(3,4,5)P3]} (47), EGFP-LactC2 (phosphatidylserine [PS]) (46),
and EGFP-PLC� [(PI(4,5)P2] (63) localized primarily on the
plasma membrane, irrespective of whether SPRED1 is expressed
(Fig. 4A; see also Fig. S3 in the supplemental material), whereas
under serum-free conditions they localized more to the cell cyto-
plasm (see Fig. S3).

In agreement with the distribution, increased FRET was found
between mCherry-SPRED1 and the PS-specific probe EGFP-
LactC2 and the PI(4,5)P2-specific probe EGFP-PLC� under nor-

mal serum conditions compared to levels in serum-starved cells
(Fig. 4B). In contrast, the PI(3,4,5)P3-specific probe EGFP-ARNO
showed very low FRET with SPRED1 under both conditions (Fig.
4B). EGF stimulation significantly increased the FRET of SPRED1
with the PI(3,4,5)P3 probe and with the PS probe (Fig. 4B) but not
with the PI(4,5)P2 probe, which already showed very high FRET
under normal serum levels (Fig. 4B).

Therefore, these results suggest that upon EGF stimulation and
therefore SPRED1 plasma membrane translocation, SPRED1 be-
comes relatively enriched in PS- and PI(3,4,5)P3-containing do-
mains.

In agreement with the localization in acidic membrane do-
mains that are also populated by K-ras (62, 64), SPRED1 expres-
sion perturbed nanoscale clustering-associated FRET of a K-ras-
derived but not H-ras-derived FRET biosensor (52), suggesting
an effect on nano- or microscale membrane organization (Fig.
4C). SPRED1 specificity toward K-ras was further confirmed
by FRET experiments between mGFP-tagged RasG12V and
mCherry-SPRED1, which after stimulation with EGF showed a
significant increase in FRET with K-rasG12V but not H-rasG12V
(Fig. 4D). This confirms that acute EGF stimulation induces
SPRED1 translocation to such acidic lipid-enriched plasma mem-
brane domains, where K-ras also resides (62).

Finally, confocal image analysis of the full-length oncogenic
Ras proteins stably expressed in MDCK cells confirmed that, after
24 h of expression, SPRED1 led to a specific loss of plasma mem-
brane anchorage of K-rasG12V but not H-rasG12V (Fig. 4E).
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FIG 3 SPRED1 specifically interacts with B-Raf. (A) A coimmunoprecipitation assay (GFP-Trap IP) was performed in HEK cells by transfecting the cells with
EGFP-tagged A-Raf, B-Raf, or C-Raf together with untagged wild-type SPRED1 for 24 h. Immunoblots were probed with the indicated antibodies. I, input; FT,
flowthrough; B, bound fraction. (B) HEK cells were serum starved for 6 h, followed by transfections as described for panel A but under serum-free conditions.
(C) Interaction between wild-type mCherry-tagged SPRED1 and EGFP-tagged full-length Raf proteins was detected using FRET in HEK cells transiently
expressing the constructs as indicated. Numbers inside or next to the bars correspond to the total number of cells studied in each case. Error bars indicate the
standard errors of the means. ***, P � 0.001. (D) A proximity ligation assay (PLA) was performed in BHK21 cells using the indicated combinations of A-Raf,
B-Raf, C-Raf, and SPRED1 antibodies. Quantification shows the PLA signal per cell in each case (the total numbers of PLA signal foci were counted and
normalized to the number of cells). Sample images are shown below the graph. An endogenous SPRED1-Raf interaction was visualized as red dots by PLA and
detected by confocal microscopy. Cell nuclei were stained with DAPI. Numbers inside or above the bars correspond to the total number of cells studied in each
case. Error bars indicate the standard errors of the means. ***, P � 0.001. Scale bars, 10 �m.
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Therefore, we conclude that SPRED1 becomes specifically en-
riched in PS-containing membrane domains to interfere with K-
ras membrane anchorage.

Galectin-1 augments the negative activity of SPRED1 on K-
ras but not H-ras signaling. Given that SPRED1 translocation to
the plasma membrane is further enhanced by Gal-1 after acute

EGF stimulation (Fig. 1F), we tested whether Gal-1-induced
translocation can further increase the displacement of K-ras. To
this end, we employed our well-established membrane FRET assay
that can quantify membrane anchorage and nanoscale clustering
of constitutively active Ras (40, 51). FRET of K-rasG12V signifi-
cantly decreased when K-rasG12V was coexpressed with Gal-1

FIG 4 SPRED1 disturbs membrane anchorage of K-ras but not H-ras. (A) Confocal images of HEK cells cotransfected with mCherry-SPRED1 together with
EGFP-ARNO, EGFP-LactC2, or EGFP-PLC� for 24 h under normal serum conditions. Scale bars, 10 �m. (B) Nanoscale colocalization of mCherry-SPRED1 and
EGFP-tagged lipid probes in HEK cells was detected using FRET. The lipid recognition specificity of the indicated lipid probes is given in italics (right). The cells
were transfected with mCherry-SPRED1 and EGFP-tagged lipid probes for 24 h, followed by starvation for 5 h, or kept under normal serum conditions, or starved
for 5 h, followed by EGF stimulation (100 ng/ml, 10 min). Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate
the standard errors of the means. ***, P � 0.001. (C) Schematic representation of full-length Ras, and the K- and H-ras hypervariable region (HVR)-derived
extended membrane anchors CTK and CTH, respectively. The impact of SPRED1 on nanoscale clustering and membrane anchorage-dependent FRET of HEK
cells expressing mGFP/mRFP-CTK or mGFP/mRFP-CTH is illustrated. Numbers inside the bars correspond to the total number of cells studied in each case.
Error bars indicate the standard errors of the means. ***, P � 0.001; ns, nonsignificant. (D) Interaction between mCherry-SPRED1 and mGFP-tagged K-rasG12V
or H-rasG12V was detected using FRET in HEK cells transiently expressing the constructs as indicated. After transfection for 24 h, the cells were starved for 5 h,
or kept under normal serum conditions, or starved for 5 h followed by EGF stimulation (100 ng/ml, 10 min). Numbers inside the bars correspond to the total
number of cells studied in each case. Error bars indicate the standard errors of the means. ***, P � 0.001. (E) MDCK cells stably expressing mGFP–K-rasG12V
or mGFP–H-rasG12V were transfected with myc-tagged SPRED1. Cells immunolabeled with anti-c-myc antibody followed by labeling with Alexa Fluor
647-secondary antibody were imaged for the indicated constructs using confocal microscopy. Scale bars, 10 �m.
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(Fig. 5A). This observation is consistent with the negative effect of
H-rasG12V on K-rasG12V nanoscale clustering (62), which may
be further augmented by increased nanoscale clustering of H-ras
by Gal-1 (39). A similar negative effect on K-ras FRET was ob-
served for SPRED1 alone (Fig. 5A), which we attributed to the
observed loss of plasma membrane anchorage of K-ras (Fig. 4E).
However, additional expression of Gal-1 significantly potentiated

this effect, suggesting that full plasma membrane translocation of
SPRED1 most efficiently disrupts K-ras (Fig. 5A).

In contrast, FRET of H-rasG12V remained apparently unaf-
fected (Fig. 5B), except for the well-documented case when Gal-1
was expressed, which increased FRET due to an increase in GTP-
H-ras nanoclustering (51, 65, 66). However, coexpression of
SPRED1 abrogated this Gal-1 effect, consistent with utilization of
Gal-1 in the SPRED1/K-ras context (Fig. 5B).

Importantly, the K-ras-specific effects had a direct impact on
ERK signaling (Fig. 5C), as determined on the same samples that
were used for the FRET analysis. Quantification of the Western
blots showed a significant decrease in phospho-ERK (p-ERK) lev-
els in the K-rasG12V-expressing samples, which correlated with
the loss of FRET (Fig. 5A and C). Of note, expression of SPRED1
alone had a significantly stronger negative effect on p-ERK levels
than that of Gal-1 alone, and the combination of the two showed
a stronger effect than SPRED1 alone. In contrast, cells expressing
H-rasG12V had low overall p-ERK levels, which did not show
significant differences under the treatment conditions (Fig. 5C).

In summary, our results show that SPRED1 specifically blocks
K-ras signaling by disturbing membrane anchorage of K-rasG12V.
Gal-1 can significantly augment this negative effect of SPRED1
probably by facilitating plasma membrane localization of SPRED1.

SPRED1 mutations found in Legius syndrome show de-
creased interaction with Gal-1 and B-Raf. Germ line loss-of-
function mutations in SPRED1 cause Legius syndrome, a rare de-
velopmental disorder that shares clinical features with another
RASopathy, neurofibromatosis type 1 (14). Our data suggest that
SPRED1 translocation depends on B-Raf-containing Raf dimers.
Accordingly, we observed FRET between B-Raf (Fig. 3C) and the
putative Raf dimer scaffold Gal-1 (Fig. 1H). We therefore asked
whether pathogenic missense mutations SPRED1-T102R and
SPRED1-P415A, which are found in Legius syndrome (67), would
show altered interaction with Gal-1 or B-Raf by FRET.

Both the T102R mutant (harboring the point mutation in the
N-terminal EVH1 domain) and the P415A mutant (with a point
mutation in the C-terminal SPR domain) showed decreased FRET
with Gal-1 compared to the level in the wild-type SPRED1 (Fig.
6A). Furthermore, both mutants showed decreased FRET with
B-Raf compared to the level of the wild-type control (Fig. 6B).
Thus, our findings propose a substantive role for correct SPRED1/
Gal-1/B-Raf complexation in normal SPRED1 function as both of
the Legius syndrome mutants showed defective complex forma-
tion.

As the mutants showed decreased complexation with both
Gal-1 and B-Raf, we next tested whether plasma membrane trans-
location of SPRED1 mutants is affected when cells are stimulated
with EGF or sorafenib, two treatments which clearly translocated
wild-type SPRED1 to the plasma membrane (Fig. 1A and E). We
here modified our SPRED1 membrane translocation FRET assay,
using mGFP-tagged mutant SPRED1 and mCherry-tagged wild-
type SPRED1 as a FRET pair. While the T102R mutant FRET pair
showed an EGF- and sorafenib-induced increase of FRET (Fig.
6C) similar to that of the wild-type SPRED1 FRET pair (Fig. 1E),
the P415A mutant FRET pair failed to increase FRET, indicating
that it cannot translocate to the plasma membrane (Fig. 6C).
These results are in agreement with previous observations by
Stowe et al. showing that the T102R mutant is able to localize to
the plasma membrane, whereas the P415A mutant is mainly in the
cytoplasm (9).

FIG 5 K-ras specific p-ERK suppression by SPRED1 is augmented by Gal-1.
(A and B) Membrane FRET of K-rasG12V (A) or H-rasG12V (B) in the pres-
ence of SPRED1 and/or Gal-1 in HEK cells is illustrated. Cells were transiently
transfected with mGFP–/mCherry–K-rasG12V or mGFP–/mCherry–H-
rasG12V and, as indicated, with untagged SPRED1 and/or Gal-1. Numbers
inside the bars correspond to the total number of cells studied in each case.
Error bars indicate the standard errors of the means. **, P � 0.01. (C) Repre-
sentative Western blots of the samples from the experiments shown in panels
A and B that were partially processed for immunoblotting. Indicated samples
were probed with antibodies as shown on the right. �-Actin was used as a
loading control. p-ERK1/2 protein expression levels were normalized to the
level of ERK1/2 (three independent biological repeats). Error bars indicate the
standard errors of the means. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns,
nonsignificant.
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In conclusion, two Legius syndrome-associated SPRED1 mu-
tations were defective in B-Raf and Gal-1 complexation, support-
ing the significance of this newly described interaction also in a
pathological setting.

DISCUSSION

SPRED proteins are important tumor suppressors in human hep-
atocellular carcinoma, where SPRED1 and SPRED2 proteins are
downregulated in 84% of cases (68). SPRED1 is also a disease gene
in the RASopathy Legius syndrome (14, 15, 69). Likewise, the role
of SPRED and Sprouty proteins during development is well estab-
lished (7, 70). Considering the significance of these proteins in
health and disease, it is surprising that their exact mechanism of
action is still rather poorly understood.

Here, we present new insight into how SPRED1 negatively reg-
ulates Ras/MAPK signaling. Our data suggest the following model
(Fig. 7A). In the cell cytoplasm, SPRED1 associates constitutively
with B-Raf. SPRED1 translocation to the plasma membrane oc-
curs in conjunction with B-Raf/C-Raf dimerization, which can be
stimulated constitutively by Gal-1 and serum or acutely by EGF.
Interestingly, this Raf dimer specificity also matches the specifici-
ties of sorafenib and PLX4720 (33, 56, 61), which also translocated
SPRED1 (Fig. 1A; see also Fig. S1A in the supplemental material).
SPRED1 localizes to PS- and PIP2-enriched membrane domains.
Colocalization with PS is consistent with the colocalization of
SPRED proteins and Rab11 (71). Rab11 is an essential Rab protein
in the recycling endosome, a compartment that is enriched in PS
(72, 73). SPRED1 localization in PS- and PIP2-enriched domains
of the plasma membrane specifically leads to a loss of plasma

membrane localization of K-ras but not of H-ras. Another inter-
esting feature of SPRED1-regulated ERK signaling inhibition is
our observation that high Gal-1 and SPRED1 expression levels
switch off Gal-1-induced H-ras nanoclustering enhancement,
which is evident from our FRET data (Fig. 5B). Thus, with high
Gal-1 and SPRED1 expression levels, both K-ras- and H-ras-me-
diated signaling is relatively compromised. Although the exact
details of how SPRED1 disrupts K-ras membrane anchorage are
still elusive, we conclude that SPRED1 translocates via B-Raf/C-
Raf dimers to the plasma membrane to negatively affect K-ras
signaling.

This mechanistic setting may explain why it has been difficult
to pinpoint whether SPRED1 acts at the level of Ras or Raf on
MAPK signaling (2, 8). Our new mechanism does not exclude the
possibility that the GTPase-activating protein (GAP) NF1 is in
addition recruited to the membrane together with SPRED1, as
suggested before (9, 10). NF1 recruitment may then in addition
deactivate Ras. However, it is questionable whether the NF1-me-
diated mechanism alone could account for the RasG12V isoform
specificity observed here as these oncogenic variants are GAP in-
sensitive.

Synthesizing existing data on the role of Gal-1 in Ras signaling
and our new results, the following picture emerges. Gal-1 stabi-
lizes GTP–H-ras signaling by increasing nanoscale clustering
(termed nanoclustering) of H-ras, thus increasing effector recruit-
ment (51, 74). GTP–H-ras by itself negatively regulates K-ras by
redistributing PS on the nanoscale in the plasma membrane (62).
Gal-1 can increase this negative effect on K-ras nanoclustering and
signaling, probably via its clustering effect on GTP–H-ras (Fig. 5A

FIG 6 SPRED1 mutants found in Legius syndrome show decreased interactions with Gal-1 and B-Raf. (A and B) Interaction between mGFP-tagged SPRED1
mutants and mRFP–Gal-1 or mCherry–B-Raf was detected using FRET in HEK cells transiently expressing the constructs as indicated. Numbers inside the bars
correspond to the total number of cells studied in each case. Error bars indicate the standard errors of the means. ***, P � 0.001. (C) SPRED1 membrane
translocation FRET assay was conducted in HEK cells transiently coexpressing an mGFP-tagged SPRED1 mutant and mCherry-tagged wild-type SPRED1. The
cells were treated with 0.5% DMSO (control cells), or starved for 5 h and stimulated with EGF (100 ng/ml, 10 min), or treated with sorafenib (50 �M, 2 h).
Numbers inside the bars correspond to the total number of cells studied in each case. Error bars indicate the standard errors of the means. ***, P � 0.001; ns,
nonsignificant.
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and C) (39). We also recently described dimeric Gal-1 as a candi-
date Raf dimer stabilizer, which binds to the Ras binding domain
(RBD) of Raf proteins (39). Our data suggest that by stabilizing
B-/C-Raf dimers, Gal-1 facilitates plasma membrane localization
of SPRED1, where the latter may then act on the membrane orga-
nization of K-ras, thus increasing the already Gal-1-associated in-
hibition of K-ras (Fig. 1 and 5). We show that this obvious redun-
dancy goes together with changes in potency of inhibition and also
with a loss of an increase in Gal-1-mediated nanoclustering of
GTP–H-ras if SPRED1 is present (Fig. 7B and C).

Thus, the following scheme for differential Ras signaling out-
put becomes apparent. If only Gal-1 is present, then H-ras signal-
ing is relatively enhanced compared to the level of K-ras signaling.
Concomitant suppression of K-ras signaling can be significantly
increased if SPRED1 is expressed in addition. In the latter sce-
nario, utilization of Gal-1 by SPRED1 would remove the stimula-
tory effect of Gal-1 from H-ras signaling. This is evident from our
FRET data (Fig. 5B). In summary, depending on the combination

of Gal-1 and SPRED1 expression, these proteins could critically
regulate differential signaling output from H- and K-ras.

In which biological context could this be relevant? It was re-
cently suggested that K-ras is the major driver of stem cell or
progenitor cell proliferation, while H-ras drives differentiation
(75–77). Therefore, SPRED1’s well-documented role in regulat-
ing differentiation (2) may integrate in the following way, accord-
ing to our differential Ras regulation scenario outlined above. If
Gal-1 is high, then H-ras is enhanced, and K-ras is suppressed.
Subsequent induction of SPRED1 would turn off H-ras enhance-
ment and further suppress K-ras. This hypothetical sequence
would allow a stepwise down-modulation of Ras isoform-specific
activities.

Compared to SPRED2 which is strongly expressed throughout
development and adulthood, SPRED1 is mainly expressed in the
embryo, with high levels in brain and lung and also in other tissues
(1, 71). According to gene expression databases, Gal-1 does not
seem to be much expressed in the developing brain or lung (78).

FIG 7 Predicted model for SPRED1-regulated K-ras signaling inhibition. (A) Without Gal-1 expression, SPRED1 localizes mainly to the cell cytoplasm and
interacts with B-Raf even in the absence of serum (1). When Gal-1 is expressed at high enough levels in the cells, Gal-1 dimerizes and binds to Raf (2). Gal-1 may
thus stabilize Raf dimers on the plasma membrane (that originate from serum stimulation), thus translocating B-Raf-bound SPRED1 to the plasma membrane.
SPRED1 specifically requires B-Raf/C-Raf heterodimers for this, which can also be induced by EGF and sorafenib. In the complex, SPRED1 may also interact with
C-Raf through dimerization. On the plasma membrane, SPRED1 disrupts specifically K-ras membrane anchorage (3), leading to K-ras mislocalization from the
plasma membrane into the cell and subsequent ERK signaling inhibition (4). (B) When Gal-1 levels are low and SPRED1 levels are high, SPRED1 attenuates
K-ras-mediated ERK signaling (left). An increase in Gal-1 expression further augments the negative activity of SPRED1 (right). (C) At low Gal-1 levels, SPRED1
does not affect H-ras-mediated ERK signaling (left). If only Gal-1 is present, H-ras-mediated signaling is enhanced (right). Concurrent expression of SPRED1
turns off Gal-1-induced H-ras enhancement. Arrows indicate the strength of the Ras isoform-specific membrane FRET and signaling according to our results.
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However, these data would have to be further validated. Interest-
ingly, in human adult tissue, highly related SPRED2 can be found
in the liver and small intestine (71), where Gal-1 is also expressed
(79). It is thus possible that the observations that we have made
here also apply to the functioning of SPRED2.

Given that Gal-1 could be such a strong potentiator of SPRED
activity, it is interesting that typically higher Gal-1 levels are asso-
ciated with a worse outcome in cancer (80, 81). This would put the
apparently small loss in K-ras inhibition, and also the increase in
H-ras signaling due to SPRED loss-of-function mutations, in the
spotlight of cancer progression. However, the effects of Gal-1 ex-
pression in cancer are quite diverse (38). It is therefore hard to
predict what the combined outcome of a gain- and loss-of-func-
tion genetic event of Gal-1 and SPRED1, respectively, would lead
to in a tumor.

Finally, our results suggest that pathogenic SPRED1 point mu-
tations found in Legius syndrome are not able to form correct
complexes with Gal-1 and B-Raf. As these mutants might be able
to translocate to the plasma membrane but are still defective in
inhibiting ERK signaling, our results further propose a significant
role for both Gal-1 and B-Raf in completing the inhibitory activity
of SPRED1. Furthermore, these results point out that it is crucial
to understand the highly complex plasma membrane interactions
to fully understand the molecular mechanism of SPRED1.

While our new mechanistic data suggest an important Raf and
Ras isoform-specific function of SPRED1, there are still several
open mechanistic questions. More broadly, our results may pro-
vide important new clues regarding the functioning of other
SPRED and Sprouty proteins and of their role during develop-
ment in conjunction with specific Ras and Raf isoforms.
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