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Wntproteins play a key role in cell survival, cell proliferation, and
cell fate during development. In endothelial cells, we identified the
expression of Wnt13A, Wnt13B, and Wnt13C mRNAs, which are
generated by alternative promoters and alternative RNA splicing.
Wnt13A and Wnt13B proteins differ only in their N-terminal
sequences. Wnt13A, a typical Wnt, is N-glycosylated and localized
in the endoplasmic reticulum, with only a small fraction being
secreted. Wnt13B proteins appear as a protein doublet, L-Wnt13B
and S-Wnt13B, which are neither N-glycosylated nor secreted.
Wnt13B proteins localized mainly to mitochondria, as demon-
strated using detection in mitochondria enriched fractions and
colocalization with Mitotracker and HSP60. A nuclear localization
was also observed in 20% of Wnt13B-expressing cells. Both the
N-terminal hydrophobic stretch (residues 1–17) and �-helix (resi-
dues 26–50) were the main determinants for Wnt13B mitochon-
drial targeting. Serial deletions of Wnt13B N-terminal sequences
abolished its association with mitochondria and favored instead a
nuclear localization.Theproductionof S-Wnt13Bwas independent
of the mitochondrial targeting but dependent on an alternative
translation start corresponding to Met74 in L-Wnt13B. The same
translation start is used in Wnt13C mRNA to encode a protein
undistinguishable from S-Wnt13B. S-Wnt13B when expressed
alone localized to the nucleus like Wnt13C, whereas L-Wnt13B
localized to mitochondria. Wnt13 nuclear forms increased the
�-catenin/T-cell factor activity in HEK293 cells and increased apo-
ptosis in bovine aortic endothelial cells. Altogether our results dem-
onstrate that, in addition to alternative promoters and RNA splic-
ing, an alternative translation start inWnt13BandWnt13CmRNAs
increases the complexity of both human wnt13 expression and
functions.

Wnt proteins are cysteine-rich glycoproteins that play diverse func-
tions during development, including control of cell fate and cell prolif-
eration, establishment of cell polarity, and initiation of cell migration
(1).Wnt proteins elicit most of these activities through binding with the
seven-transmembrane Frizzled receptors (2) and with the co-receptors
low density lipoprotein receptor-related protein-5 and -6 (3). Depend-
ing upon the combination of Wnt ligands and Frizzled receptors, three
different signaling pathways have been identified. All three pathways
involve commondownstreamprotein adaptors, the disheveled/Dvl pro-
teins (4, 5). The canonical Wnt/�-catenin pathway leads to the stabili-

zation of cytoplasmic �-catenin, which subsequently translocates to the
nucleus, where it binds to the transcription factors of the T-cell factor
(TCF)2 family and regulates the expression of genes involved in cell
cycle and cell adhesion (6). The Wnt/Ca2�-dependent pathway is a
classical G-protein-coupled receptor pathway leading to the activation
of protein kinase C and Ca2�-calmodulin-dependent kinase II (7). The
Wnt/planar cell polarity pathway leads to the activation of the small
GTPases of the Rho family, Rho A, Rac 1, and Cdc42, which in turn
regulate the cytoskeleton and thus cell morphology and migratory
behaviors (8, 9).
In mammals, 19 different Wnt family members displaying a con-

served pattern of 21–23 cysteine residues have been identified so far.
Although a high similarity exists between them, their roles in vivo, as
identified by specific knock-out in mice, are not redundant (1, 10). wnt
genes are often expressed in a spatial and temporal fashion, which
accounts for the major part of their specific activity. In addition, Wnt
proteins also display divergent N-terminal sequences that account for
their differential ability to be secreted (11). Although Wnt proteins are
found secreted and associated with the extracellular matrix (ECM), the
efficiency of secretion is very poor, and most of the Wnt proteins are
mainly retained in the endoplasmic reticulum (ER) despite the lack of
ER retrieval and ER retention consensus sequences (12). Retention in
the ER is dependent upon the interaction of the Wnt proteins with the
ER chaperone Grp78/BiP (11, 13). Efficient secretion of the Wnt pro-
teins, both in Drosophila and mammalian cells, requires the expression
of Porcupine, a transmembrane protein located in the ERwith a putative
acyltransferase activity (14–16). Porcupine binds a conserved region in
the N terminus of the Wnt proteins surrounding the N-glycosylation
site and favors theirN-glycosylation by amechanism that remains yet to
be identified (17). Recently, Wnt3A, Wnt8, and Dwnt1 proteins were
found to be lipid-modified, in particular by the addition of palmitate on
a conserved cysteine (Cys77 in Wnt3A) present in the interaction
domain with Porcupine (18, 19), hence reinforcing the concept of an
association of theWnt proteins withmembrane compartments, such as
the ER and secretory vesicles. Altogether these results emphasize the
importance of determining the cellular processing and targeting of the
Wnt proteins in order to understand their mechanism of action and/or
the regulation of their activity.
The wnt13 gene, also called wnt2b, is one of the rare wnt genes that

gives rise to different mRNA forms by alternative splicing (20). In adult
gastric epithelial cells, two Wnt13/Wnt2B mRNA forms were found
expressed, Wnt13A/Wnt2B2 and Wnt13B/Wnt2B1, which code for
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proteins that differ only by their N-terminal sequences (20). During
chick development of the retina, wnt13 was expressed in particular at
the marginal tip of the retina, where it maintains undifferentiated pro-
genitor cells in the ciliarymarginal zone (21, 22). These effects ofWnt13
were associated with the activation of the canonical �-catenin/LEF/
TCF signaling pathway (23). Another role as a morphogen was also
described in the chick retina, where wnt13 expression in the anterior
rim allows the proper development of laminated retinal layers (24).
Although the particular form of Wnt13 expressed in this study was not
defined, it probably refers to Wnt13A/Wnt2B2, since only Wnt13A/
Wnt2B2 proteins, and not Wnt13B/Wnt2B1, were able to activate the
canonical �-catenin/TCF pathway and induce axis duplication inXeno-
pus embryo (25).
We have identified the expression of three different mRNA forms of

the wnt13 gene in endothelial cells of different origins: the previously
described Wnt13A/Wnt2B2 and Wnt13B/Wnt2B1 mRNA forms (20)
and an additional Wnt13C mRNA generated by an alternative splicing
that skips exon 2 (Fig. 1). In this report, we demonstrate that these
various Wnt13 mRNA isoforms code for proteins with distinct N ter-
mini, processing, and subcellular localizations. Whereas Wnt13A is a
classical Wnt protein, N-glycosylated and secreted, Wnt13B and
Wnt13C are intracellular forms targeted to mitochondria and to the
nucleus respectively. Such different subcellular localizations for
Wnt13A and Wnt13B proteins explain the differential activities previ-
ously observed for these two forms (25). In addition, these results
strengthen the importance of the processing of Wnt proteins in rela-
tionship with their targeting and intracellular activities.

MATERIALS AND METHODS

Antibodies and Reagents—The polyclonal anti-FLAG antibodies
were purchased from Cayman Chemical, and the M2-anti-FLAG-aga-
rose gel was from Sigma. The monoclonal anti-HSP60, anti-KDEL pep-
tide sequence, anti-AIF antibodies, and anti-Cu/Zn-superoxide dis-
mutase (SOD1) antibodies were purchased from Stressgen, and the
monoclonal anti-�-tubulin antibodies were from Sigma. The cleaved
caspase-3, caspase-3, and cAMP-responsive element-binding protein

antibodies were purchased from Cell Signaling. The monoclonal anti-
cytochrome c antibodies, clone 7H8.2C12, were from BD PharMingen
and the goat polyclonal anti-calnexin was from Santa Cruz Biotechnol-
ogy, Inc. The secondary goat anti-rabbit and goat anti-mouse antibodies
conjugated to horseradish peroxidasewere fromCell Signaling, whereas
the donkey anti-goat antibodies, horseradish peroxidase-conjugated,
were from Jackson Laboratories. Mitotracker-Deep Red-633 and the
secondary goat anti-rabbit and goat anti-mouse antibodies conjugated
either with Alexa-488 or Alexa-568 were from Molecular Probes, Inc.
The inhibitors tunicamycin, MG132, and ALLN, were obtained from
Sigma, and the inhibitors benzyloxycarbonyl-VAD-fluoromethyl
ketone and the permeable metalloprotease inhibitor type III were pur-
chased from Calbiochem. Recombinant tumor necrosis factor (TNF)-�
was from R&D Systems.

Wnt13-FLAG Constructs—Full-length Wnt13A, Wnt13B, and
Wnt13C cDNAs were obtained using total RNAs extracted from BAEC
andHUVEC respectively and reverse transcription-PCRwith the prim-
ers described in Table 1. After elimination of the stop codon, the FLAG
sequence (DYKDDDDK)was added in framewith the first ATGat theC
terminus of eachWnt13 cDNAs, and the resulting cDNAs were cloned
into pCR3.1 vector (Invitrogen). All of theN-terminal deletionmutants,
�(1–17)Wnt13B, �(1–52)Wnt13B, and �(1–88)Wnt13B, were
obtained by PCR using the upstreamprimers as indicated in Table 1 and
the FLAG tag reverse primer. All the mutations resulting in single and
multiple aa changes in the Wnt13B-FLAG construct were obtained by
PCR using the QuikChange kit (Stratagene) with the various primers
described in Table 1 and with either Wnt13B-FLAG or the appropriate
mutated Wnt13B-FLAG constructs as template. The chimeric N-ter-
minal constructs Wnt13AB (Wnt13A-(1–42) � Wnt13B-(26–372))
and Wnt13BA (Wnt13B-(1–25) � Wnt13A-(43–391)) were generated
after insertion of a SphI site by PCR in both Wnt13A-FLAG and
Wnt13B-FLAG cDNA sequences, respectively, at positions �126 and
�79 using PCR. The swapping of the N-terminal sequences was
obtained after SphI restriction digest and ligation with the C-terminal
sequences of eitherWnt13AorWnt13B. The integrity of each construct
was verified by sequencing. The YC4-mit plasmid coding for the mito-

TABLE 1
Sequence of the PCR primers used in this study

Constructs Primer sequences
Full-length
Wnt13A fwd: 5�-CATGCTGAGACCGGGTGG-3�; rev: 5�-GTTCAGGTCTGGTCCAGCC-3�
Wnt13B/Wnt13C fwd: 5�-CATGTTGGATGGCCTTGGAG-3�; rev: 5�-GTTCAGGTCTGGTCCAGCC-3�
Wnt13-FLAG tag rev: 5�-TCACTTATCGTCGTCATCCTTGTAATCTGCGGTCTGGTCCAGCCAC-3�

Expression
Wnt13A fwd: 5�-CGTAGACACGTCCTGGTGGTA-3�; rev: 5�-GCTGACACTCTCGGATCCAT-3�
Wnt13B/Wnt13C fwd: 5�-CATGTTGGATGGCCTTGGAG-3�; rev: 5�-GCTGACACTCTCGGATCCAT-3�

Chimera
Wnt13AB fwd: 5�-CATGCTGAGACCGGGTGG-3�; rev: 5�-GCAGAAGGCATGCAAGACCTAGG-3�; fwd: 5�-

CCTTGAGGACGGCATGCCCTGGCATACC-3�; rev: Wnt13-FLAG tag primer
Wnt13BA fwd: 5�-CATGTTGGATGGCCTTGGAG-3�; rev: 5�-GGTATGCCAGGGCATGCCGTCCTCAAGG-3�

fwd: 5�-CCTAGGTCTTGCATGCCTTCTGC-3�; rev: Wnt13-FLAG tag primer
Deletions

�(1–17)Wnt13B fwd: 5�-GCCACCATGAAAACTGAAGGATCCTTG-3�, rev: Wnt13-FLAG tag primer
�(1–52)Wnt13B fwd: 5�-GCCACCATGGGGGCACGAGTGATCTG-3�; rev: Wnt13-FLAG tag primer
�(1–88)Wnt13B fwd: 5�-CCACCATGCAGCACCAATTCCGCCAC-3�; rev: Wnt13-FLAG tag primer

Targeted mutations
C88A-Wnt13 S: 5�-CCCGAGAATGGATCCGAGAGGCTCAGCACCAATTCCGCCACCACC-3�
R50A-Wnt13B S: 5�-GGGCACTGGGGGCAGCAGTGATCTGTGACAATATCC-3�
K38,R42-Wnt13B S: 5�-CCTACACAGTCAGCGTTCAACGCGTGTTTGCAAGCGTACATTGGGGCACTGGGGC-3�
R69G-Wnt13 S: 5�-GCCGGCAGCGGCAGCTGTGCCAGGGTTACCCAGACATCATGCGTTCAG-3�
R62A,R64A-Wnt13 S: 5�-CCCTGGTTTGGTGAGCGCGCAGGCGCAGCTGTGCCAGGGTTACC-3�
M74L-Wnt13 S: 5�-CGTTACCCAGACATCTTGCGTTCAGTGGGC-3�
M1L-Wnt13B S: 5�-GCCACCCTGTTGGATGGCCTT-3�
D72E-Wnt13 S: 5�-CCAGCGTTACCCAGAAATCATGCGTTCAGTGG-3�
R75A-Wnt13 S: 5�-CGTTACCCAGACATCATGGCTTCAGTGGGCGAGGG-3�
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chondria matrix-targeted green fluorescent protein was used as control
in the transfection experiments (26).

Cell Culture and Transfection—The endothelial primary cells,
HUVEC and BAEC, were isolated as previously described (27) and
maintained in MCDB105 (Sigma) supplemented with 20% fetal bovine
serum and in Dulbecco’s modified Eagle’s medium plus 4.5 g/liter glu-
cose (Invitrogen) supplemented with 10% fetal bovine serum (BioWhit-
taker), respectively. The human microvascular endothelial cell line
HMEC-1 and the epithelial cell line HEK293 were maintained also in
Dulbecco’s modified Eagle’s medium plus 4.5 g/liter glucose, supple-
mented with 10% fetal bovine serum. Transient transfections of BAEC
and HEK293 cells with the various constructs were performed using
Exgen 500 reagent (MBI Fermentas) as recommended by the
manufacturer.

Analysis of Wnt13 mRNA Expression—Total RNAs (1 �g) were sub-
jected to DNase I treatment for 15 min at 20 °C to remove any DNA
contaminations prior to the addition of 0.5�g of oligo(dT)12–18 primers
and 10 units of the SuperScript reverse transcriptase for 50min at 42 °C
according to the manufacturer (Invitrogen). cDNAs for Wnt13A and
for Wnt13B/C were amplified by 40 cycles of PCR using forward prim-
ers specific for exon 3 (5�-CGTAGACACGTCCTGGTGGTA-3�) and
exon 1 (5�-CATGTTGGATGGCCTTGGAG-3�), respectively, and a
universal Wnt13 reverse primer located in exon 4 (5�-GCTGA-
CACTCTCGGATCCAT-3�). The expression of the ribosomal protein
L32mRNAwas used as internal control, and rpL32 cDNAs were ampli-
fied for 25 cycles of PCR with rpL32-fwd primer (5�-GCCAGATCTT-
GATGCCCAAC-3�) and rpL32-rev primer (5�-CGTGCACATG-
AGCTGCCTAC-3�).

Cell Extracts, Immunoprecipitation, and Western Blot Analysis—For
whole cell extracts, the cells were harvested and lysed in 50 mM Tris-
HCl buffer, pH 7.5, containing 150 mM NaCl, 1% Triton X-100, 1 mM

EDTA in the presence of protease and phosphatase inhibitor mixtures
(Sigma). Insoluble fraction pellets were discarded after centrifugation at
20,000 � g for 20 min at 4 °C. For cell fractionation, the conditioned
media (CM) were collected, and the cells were washed with cold PBS
prior to being detached from the plates with cold PBS containing 5 mM

EDTA and 5 mM EGTA. The detached cells were collected and pro-
cessed as described below; meanwhile, the plates were washed exten-
sively with ice-cold water to eliminate residual cells, and the ECM com-
ponents were dissociated from the plates with denaturing Laemmli
buffer. The cells were centrifuged at 400 � g for 5 min at 4 °C. Cell
pellets were suspended in hypotonic buffer (50 mM HEPES, pH 7.5, 1.5
mM MgCl2, 1 mM EDTA supplemented with protease and phosphatase
inhibitor mixtures) and incubated on ice for 30 min prior to being sub-
jected to 20 passages through 26-gauge needles to disrupt the cells. The
nuclei and cytoskeleton fractions were obtained by centrifugation at
1,200 � g for 5 min at 4 °C (pellet), and the resulting supernatants were
further subjected to 100,000 � g for 30 min at 4 °C to obtain the mem-
brane fractions (pellet) and the cytosolic fractions (supernatant). The
nuclei andmembrane pellets were suspended and dissolved in the hypo-
tonic buffer supplementedwith 1%TritonX-100 and 150mMNaCl, and
the insoluble fractions were discarded after centrifugation at 20,000� g
for 20 min. The cytosolic fractions were adjusted to 150 mM NaCl and
1% Triton X-100 final concentration, and the CM were supplemented
with a protease inhibitor mixture and adjusted to 1% Triton X-100. For
immunoprecipitation of the FLAG-tagged proteins, the various cell
fractions or whole lysates were incubated with 20 �l of M2-anti-FLAG-
agarose beads for 16 h at 4 °C. After extensive washes, proteins bound to
the beads were eluted with 20 �l of denaturing Laemmli buffer. For
Western blot analysis, proteins were fractionated on polyacrylamide-

SDS gels and transferred onto Immobilon P membrane (Millipore
Corp.). After blocking, the membranes were incubated with the various
primary antibodies as indicated and subsequently with the appropriate
secondary antibodies conjugated to horseradish peroxidase (Cell Sig-
naling). Immunoreactive proteins were detected using SuperSignal�
chemiluminescence (Pierce).

Mitochondria Isolation and Biochemical Analysis—Mitochondria
were prepared as previously described (28). Briefly, BAEC were har-
vested 24 h post-transfection and suspended in 500 �l of homogenizing
buffer (250 mM sucrose, 20 mM Hepes, pH 7.5, 10 mM KCl, 1.5 mM

MgCl2, supplemented with protease and phosphatase mixture inhibi-
tors). After incubation on ice for 30 min, the cells were disrupted by 20
passages through 26-gauge needles. Unbroken cells and nuclei were
removed by centrifugation at 400 � g for 5 min at 4 °C. The resulting
supernatant was centrifuged at 8,000 � g for 15 min to obtain the mito-
chondria enriched pellets. After an additional wash in the homogeniz-
ing buffer, the crude mitochondria preparation was used either for
immunoprecipitation or biochemical analyses. For BAEC subcellular
fractionations, this protocolwasmodified as follows. The cell disruption
step was repeated twice, and the various subcellular fractions were
obtained by differential centrifugations: nuclear pellet, 400 � g for 5
min; mitochondria pellet, 8,000� g for 10min; ER pellet, 25,000� g for
10 min; and cytosol plus light membrane fraction, 25,000 � g superna-
tant. Each obtained pellet was washed twice in the homogenizing buffer
prior to analysis. The association of Wnt13B with mitochondria was
tested using high salt and alkaline extraction as previously described
(29). Briefly, mitochondria were suspended in the homogenizing buffer
in the absence or presence of either 1 M KCl or 100 mM sodium carbon-
ate, pH 11, and incubated on ice for 30 min prior to centrifugation at
10,000 � g for 15 min for obtaining the mitochondria pellet and the
supernatant containing extractedmitochondrial proteins. The superna-
tants and mitochondria pellets were analyzed by Western blotting. For
the immunoprecipitation experiments, mitochondria were homoge-
nized in 50mMHEPES, pH 7.5, 150mMNaCl, 1.5mMMgCl2, 1%Triton
supplemented with protease and phosphatase mixture inhibitors, and
the FLAG-tagged proteins were purified by chromatography using the
M2 anti-FLAG-agarose beads as described above. The immunoprecipi-
tated proteins were analyzed by Western blotting.

Immunofluorescence and Confocal Microscopy—BAEC were plated
in LabTek slide chambers coated with fibronectin (1 �g/cm2) (Invitro-
gen) 24 h prior to transfection. 24 h post-transfection, when required,
mitochondria were stainedwithMitotracker-633 deep red for 45min as
recommended by the manufacturer prior to cell washes with PBS sup-
plemented with 1 mM CaCl2 and 1 mM MgCl2 and fixation in 4% form-
aldehyde. Cells were permeabilized and blocked in PBS, 0.1% Triton
X-100, 0.7% fish skin gelatin (Sigma) at 37 °C for 30 min followed by
sequential incubations with primary antibodies and Alexa-secondary
antibodies for 2 h each in the same buffer. Nuclei were stained with
4�,6-diamidino-2-phenylindole during slide mounting with Vectashield
H1200 (Vector Laboratories Inc.). Images were taken with a Leica con-
focal uprightmicroscope every 1�m throughout the heights of the cells
at either � 64 or � 100 magnification, and maximum average images
were recorded. At least four independent transfections and staining
experiments were done, and representative images are shown.

Luciferase Assays—HEK293 cells were plated in 12-well culture clus-
ters and 24 h later transiently cotransfected with 5 ng of phRG-TK
plasmid as control for the efficiency of transfection (Promega), 250 ng of
the TOP-Flash or FOP-Flash luciferase constructs containing, respec-
tively, wild-type or mutated TCF binding sites upstream of the minimal
thymidine kinase promoter (30), 300 ng of pcDNA3-S37A-�-catenin
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plasmid, and 450 ng of the various Wnt13 expression constructs, as
indicated. 24 h after transfection, the cells were lysed, and the Renilla
and firefly luciferase assays were performed using the dual luciferase
assay kit (Promega) and quantified using LmaxII luminometer (Molec-
ular Devices). Five independent transfection experiments were per-
formed in duplicates.

Analysis of the Induction of IL-8 mRNA Expression in HEK293 Cells
by Real Time PCR—HEK293 cells (5 � 105 cells) were plated in
60-mm dishes and transfected 24 h later either with 4 �g of PCR3
vector as control, 2 �g of S37A-�-catenin � 2 �g of PCR3 vectors, 2
�g of pCR3-M1L-Wnt13B � 2 �g of PCR3 vectors, or 2 �g of S37A-
�-catenin � 2 �g of pCR3-M1L-Wnt13B vectors. Cells were har-
vested 24 h after transfection, and total RNAs were extracted with
Trizol reagent (Invitrogen). Total RNAs (1 �g) were subjected to
DNase I treatment and reverse transcription as previously described
for the analysis of Wnt13 mRNA expression. Real time PCRs were
conducted using the SyBr Green PCR kit and the ABI Prism 7000
sequence detector from PerkinElmer Life Sciences, and the relative
levels of IL-8 cDNAs were determined using the threshold cycles (Ct
value). The expression of rpL32 cDNA was used as an internal con-
trol, and the Ct values obtained for IL-8 were corrected for any
variations of the Ct values of rpL32. The primers used for human
IL-8 were as follows: forward, 5�-GTGCAGTTTTGCCAAGGAGT-
G-3�; reverse, 5�-CTCTGCACCCAGTTTTCCTTG-3�.

Analysis of Apoptosis in BAEC—BAEC were transiently transfected
either with YC4-mit control plasmid, Wnt13A-FLAG, or the various
Wnt13B-FLAG constructs for 24 h. The appearance of apoptotic nuclei
in BAEC expressing the various proteins of interest was quantified using
immunofluorescence microscopy after staining of both the nuclei with
4�,6-diamidino-2-phenylindole and the FLAG-tagged proteins with the
polyclonal anti-FLAG antibodies. Activation of caspase-3 was deter-
mined by following the appearance of the active cleaved form of
caspase-3 using Western blotting and the specific cleaved caspase-3
antibodies (Cell Signaling). For these experiments, BAEC expressing the
various target proteins were treated with 5 ng/ml TNF-� for 12 h, prior
to being lysed directly in denaturing Laemmli buffer. At least three
independent experiments were performed for each of the apoptosis
assays.

RESULTS

Endothelial Cells Express Three Different Wnt13 RNA Isoforms—Us-
ing the Wnt degenerate primers previously described (31) and cDNAs
obtained from HUVEC and HMEC-1, we found that wnt13 and wnt5A
were the main wnt genes expressed in these differentiated endothelial
cells (not shown). The cloning of full-length Wnt13 cDNAs from these
cell lines gave three different cDNAs. Two cDNAs corresponded to the
previously describedWnt13A/Wnt2b2 mRNA transcribed from the P2
promoter and composed of exons 3–7 and Wnt13B/Wnt2b1 mRNA
transcribed from the P1 promoter and composed of exons 1 and 2 and
exons 4–7 (Fig. 1,A–C). An additionalWnt13 cDNA corresponded to a
novel Wnt13 mRNA species that was named Wnt13C. Wnt13C
mRNAs are transcribed from the P1 promoter likeWnt13BmRNAs but
are composed of exons 1 and 4–7, since the entire exon 2 is skipped
during an alternative splicing (Fig. 1, A–C). The expression of these
threeWnt13mRNA species was also observed in the epithelial HEK293
cells (Fig. 1C). Wnt13B andWnt13CmRNAs differ thus by the deletion
of 71 nucleotides corresponding to exon 2 (Fig. 1C), and this deletion in
Wnt13C leads to a change in the open reading frame of exon 4 and
generation of a stop codon within exon 4. Consequently, the deduced
amino acid sequence coded by Wnt13C mRNA from the first transla-
tion initiation codon in exon 1 is a very short peptide of 30 amino acids
in length, whereasWnt13A andWnt13BmRNAs code for proteins that
differ only by their N-terminal sequences (Fig. 1D).

Wnt13A and Wnt13B Display Different Processing and Subcellular
Localizations—First, the role of these differential N-terminal sequences
in the processing and cellular targeting of Wnt13A and Wnt13B pro-
teins was assessed. Wnt13A-FLAG and Wnt13B-FLAG proteins were
transiently expressed in BAEC for 24 h prior to collection of CM, recov-
ery of the ECM, and cell fractionation. FLAG-tagged proteins were
immunoprecipitated and analyzed by immunoblotting.Wnt13A-FLAG
proteins were secreted as shown by their presence in the CM, although
they were mainly retained in the membrane fraction (Fig. 2A). In con-
trast, Wnt13B-FLAG proteins were not secreted but were associated
with the nuclei/cytoskeleton pellets and membrane fractions (Fig. 2A).
Furthermore,Wnt13A-FLAG proteins migratedmainly as a single pro-
tein bandwith an apparentmolecularmass of 42 kDa,whereasWnt13B-
FLAG proteins migrated as a doublet of proteins with apparent molec-

FIGURE 1. Expression of three Wnt13 mRNA isoforms in differentiated endothelial cells. Shown is a schematic representation of the organization of the human wnt13 gene (A)
and the different mRNA isoforms expressed in human endothelial cells (B). C, analysis of the expression of Wnt13A, Wnt13B, and Wnt13C mRNA species by reverse transcription-PCR
in HEK293 cells, in the primary endothelial cells HUVEC, and in the transformed endothelial cells HMEC1. D, the deduced N-terminal aa sequences for Wnt13A, Wnt13B, and Wnt13C
starting from the first translation initiation codon encountered in the mRNAs are indicated.
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ular masses of 40 and 35 kDa, which will be referred to hereafter as long
(L-Wnt13B) and short (S-Wnt13B) forms, respectively. Stable dimers of
bothWnt13A-FLAG andWnt13B-FLAG proteins were observed occa-
sionally, although Wnt13B-FLAG proteins appeared to have a higher
propensity to remain as stable dimers and higher size aggregates even
after denaturation (see Fig. 2A, Pellets). Similar results were observed in
other endothelial cells (HUVEC and HMEC1) as well as in HEK293
cells, although in the latter, the S-Wnt13B form was always the major
form (not shown).
Wnt proteins are usually N-glycosylated, and this post-translational

modification is required for Wnt protein secretion (17). To determine
whether the Wnt13B-FLAG protein doublet resulted from different
N-glycosylation events, BAEC were transiently transfected with either
Wnt13B-FLAG construct or Wnt13A-FLAG construct as control and
subjected to treatment with various doses of tunicamycin. As expected,
the post-translational processing of Wnt13A-FLAG proteins was sen-
sitive to tunicamycin treatment, and the appearance of a reduced size
protein of 37 kDa corresponding to the unglycosylated form ofWnt13A
was observed (Fig. 2B). In contrast, both L-Wnt13B and S-Wnt13B
proteins were not affected by the tunicamycin treatment, revealing that
none of Wnt13B forms are N-glycosylated in BAEC (Fig. 2B). Similar
results were observed in HEK293 cells (not shown).

In addition to differential post-translational processing,Wnt13A and
Wnt13B proteins displayed different subcellular localizations, as deter-
mined by immunofluorescence staining and confocal microscopy anal-
ysis. In BAEC, Wnt13A-FLAG proteins were associated with a thin
reticular meshwork colocalizing with antibodies recognizing the KDEL
peptide sequence present in proteins that are retained in the ER lumen
(Fig. 3A). Therefore, like most of the Wnt protein members, Wnt13A-
FLAG proteins were mainly retained in the ER, although they are lack-
ing ER retention and retrieval sequences (12). In contrast, Wnt13B-
FLAG proteins appeared in punctated structures associated with the
microtubule network (Fig. 3A) but not with the ERmarker (not shown).
In both cases, therewas no significant difference in�-catenin staining in
BAEC expressing Wnt13A or Wnt13B proteins compared with nonex-
pressing cells; �-catenin was mainly associated with cell-cell contacts,
and no translocation of endogenous �-catenin to the nucleus was
observed (Fig. 3A). Similar localizations were obtained for both
Wnt13A and Wnt13B proteins in HEK293 cells (not shown).

Wnt13B Localizes to Mitochondria and Induces Changes in Mito-
chondria Morphology—To further analyze the subcellular localization
of Wnt13B-FLAG proteins, various markers of cellular organelles were
tested, including markers of lysosome (LysoTracker and LAMP1) and
markers of mitochondria (Mitotracker and HSP60). There was no clear
and consistent co-localization of Wnt13B-FLAG proteins with both
lysosomemarkers (not shown). In contrast, co-localization ofWnt13B-
FLAG proteins with the mitochondrial marker Mitotracker was
observed when the mitochondria morphology was reticular (Fig. 3B).
However, in most cases, the expression of Wnt13B-FLAG proteins was
associatedwith an alteration ofmitochondriamorphology, from a retic-
ular to a fragmentedmorphology, andwith a decreased accumulation of
the Mitotracker dye in mitochondria (Fig. 3B). Nonetheless, the local-
ization of Wnt13B-FLAG proteins to mitochondria was further con-
firmed by using the chaperone HSP60 as an additional mitochondrial
marker (Fig. 3C). Wnt13B-FLAG proteins were clearly associated with
HSP60 proteins even in the absence of mitotracker staining of mito-
chondria. In addition to this mitochondrial localization, around
10–20% of BAEC overexpressing Wnt13B-FLAG proteins also dis-
played nuclear staining (Fig. 3C). In contrast, Wnt13A-FLAG proteins
were not found in nuclei and had no effect either on mitochondria
morphology or on the accumulation of Mitotracker in mitochondria
(Fig. 3C).
To confirm the mitochondrial localization of Wnt13B, crude mito-

chondria fractions were prepared from BAEC expressing Wnt13B-
FLAG proteins. As shown in Fig. 2C, both L-Wnt13B and S-Wnt13B
forms were present in the enriched mitochondrial fractions and
remained associatedwith themitochondrial pellets even in the presence
of high salt concentration (1 M KCl), indicating that Wnt13B proteins
are not peripherally associated withmitochondria. In addition,Wnt13B
proteins remained associated with the membrane fractions of both
mitochondria and mitoplasts after alkaline extraction (100 mM carbon-
ate buffer, pH 11), indicating that Wnt13B proteins are tightly associ-
ated with mitochondrial membranes and, in particular, with the inner
membranes (Fig. 2C). Wnt13B proteins behaved similarly to the apo-
ptosis-inducing factor, an inner membrane-associated protein (47). In
contrast, HSP60, a mitochondrial matrix protein, was significantly
extracted by the alkaline treatment and found in the supernatant as
expected (Fig. 2C). The tight association ofWnt13B with membranes is
further supported by its requirement for solubility/extraction of strong
detergents such as CHAPS or SDS, whereas only 50% of solubility is
achieved with 1% Triton X-100 (not shown).

FIGURE 2. Wnt13A-FLAG and Wnt13B-FLAG proteins display different subcellular
localizations and post-translational modifications. A, Western blot analysis of
Wnt13A-FLAG and Wnt13B-FLAG localization by cell fractionation. BAEC were trans-
fected with either control (�), Wnt13A-FLAG (A), or Wnt13B-FLAG (B) constructs, and
24 h later the CM were collected, the ECM components were isolated, and cell fraction-
ations were prepared as described under “Materials and Methods.” FLAG-tagged pro-
teins were purified from the various cell fractions using M2-anti-FLAG-agarose affinity
chromatography with the exception of the ECM fractions, where the total ECM extracts
were directly analyzed. FLAG-tagged proteins were detected by immunoblotting. B,
analysis of N-glycosylation modifications of Wnt13A-FLAG and Wnt13B-FLAG proteins.
BAEC were transfected either with control (C), Wnt13A-FLAG, or Wnt13B-FLAG con-
structs, and 12 h later, the cells were treated either with vehicle (�) or with the indicated
doses of the N-glycosylation inhibitor tunicamycin for a further 12-h incubation period.
Whole cell extracts were prepared, and FLAG-tagged proteins were analyzed by immu-
noblotting. C, BAEC were transfected with the Wnt13B-FLAG construct for 24 h prior to
preparing crude mitochondria fractions and mitoplast fractions. The enriched mitochon-
dria and mitoplast fractions were subjected to either 1 M KCl or 100 mM carbonate buffer,
pH 11, for 30 min on ice, as indicated, and after centrifugation at 8,000 � g, the mito-
chondrial membrane pellets (P) and the supernatants (S) were analyzed by immunoblot-
ting for the presence of FLAG-tagged HSP60 and AIF proteins.
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Wnt13B N Terminus Contains Mitochondrial Targeting Sequences—
Various targeting sequences for import into mitochondria have been
identified, and these targeting signals, including those targeting to the
inner membrane, are cleavable N-terminal presequences positively
charged that can adopt an amphiphatic �-helix structure (32). Since
Wnt13A and Wnt13B proteins differ only by their N-terminal
sequences andWnt13B appears as a protein doublet, the possibility that
the Wnt13B N terminus contains cleavable mitochondrial targeting
sequences was first assessed. In addition to a very hydrophobic N ter-
minus (aa 1–17), two putative amphiphatic �-helices containing posi-
tively charged residues are present; however, only the first one will be
specific for Wnt13B (Fig. 4A). In contrast, the equivalent Wnt13A first
�-helix is devoid of positively charged residues. To delineate their role in
Wnt13 processing and localizations, the divergentN-terminal�-helices
of Wnt13A and Wnt13B were swapped to generate the chimeric pro-
teins Wnt13AB (Wnt13-A(1–42)B(26–372)-FLAG) and Wnt13BA
(Wnt13-B(1–25)A(43–391)) (Fig. 4A). As shown in Fig. 4B, the chi-
mericWnt13BA-FLAG proteins, containing the N-terminal hydropho-
bic stretch of Wnt13B fused to the putative �-helix of Wnt13A signal
peptide, appear as a single protein band of 42 kDa in size like Wnt13A
proteins. In addition,Wnt13BA-FLAG proteins are alsoN-glycosylated
likeWnt13A proteins as demonstrated by their sensitivity to tunicamy-
cin treatment. In contrast, the chimericWnt13AB-FLAG proteins con-
taining the first putative amphiphatic�-helix ofWnt13B but lacking the
N-terminal hydrophobic stretch of Wnt13B are un-N-glycosylated like
Wnt13B-FLAG proteins. However, Wnt13AB-FLAG proteins appear
as a single protein band of 41 kDa in size not as a protein doublet like
Wnt13B-FLAG proteins (Fig. 4B). The slight difference in size between
Wnt13AB-FLAG proteins and L-Wnt13B-FLAG proteins corresponds
to the additional 17 residues in length of the N terminus of Wnt13AB
compared withWnt13B (Fig. 4A). Nonetheless, the chimericWnt13AB
proteinswere localized tomitochondria likeWnt13Bproteins, although
there was an increase of the nuclear localization (Fig. 5). The chimeric
Wnt13BA proteins localized mainly in the ER like Wnt13A proteins, in

agreement with their similar processing (Fig. 5). These results are thus
compatible with a role of the first �-helix of Wnt13A in its targeting to
the ER and of the first �-helix of Wnt13B in its targeting to
mitochondria.
The analysis ofWnt13BN-terminal sequences usingMitoProt II pro-

gram (33) gave a putative cleavage site for mitochondrial import
between Val51 and Ile52 with positively charged residues in position �2
(Arg50) and�10 (Arg42) from the cleavage site, whereas similar analysis
using the PSORT program (available on theWorldWideWeb at www.
PSORT.nibb.ac.jp) gave a cleavage site between Tyr70 and Pro71, based
on the presence of Arg69 at position �2 (34) (Fig. 4A). From these
predictions, three N terminus deletionmutants ofWnt13B were gener-
ated: �(1–17)Wnt13B, which is lacking the N-terminal hydrophobic
stretch, �(1–52)Wnt13B-FLAG, which is further lacking the first �-he-
lix and the putative RV512I52 cleavage site, and �(1–88)Wnt13B-
FLAG, which is further lacking the putative RY702P71 cleavage site and
part of the second amphiphatic �-helix. As shown in Fig. 4C, the �(1–
17)Wnt13B-FLAG and �(1–52)Wnt13B-FLAG mutants appeared
mainly as single protein bands of 39- and 37-kDa apparent size, respec-
tively, that are in agreement with the deletions made in L-Wnt13B. The
S-Wnt13B form was still observed with both deletion mutants, but the
levels were far less abundant than in wild type Wnt13B (Fig. 4C). With
the �(1–88)Wnt13B-FLAG mutants, the appearance of a protein dou-
blet was completely abolished, since a single protein band of 34 kDa,
lower than the S-Wnt13B form, was observed (Fig. 4C). �(1–
17)Wnt13B-FLAG proteins, like wild type Wnt13B proteins, were
mainly localized in mitochondria, although a slight increase in the
nuclear localization was observed as with the chimera Wnt13AB (not
shown). In contrast, �(1–52)Wnt13B-FLAG proteins displayed only a
residual co-localization with both mitochondrial markers, HSP60 and
Mitotracker, and most of the mutant proteins were found in the nuclei
(Fig. 5). The ability of Mitotracker to accumulate in mitochondria was
less affected in cells expressing�(1–52)Wnt13B-FLAGproteins than in
cells expressing wild typeWnt13B-FLAG proteins, althoughmitochon-

FIGURE 3. Wnt13B co-localizes with mitochondrial markers. A, Wnt13A and Wnt13B proteins display differential subcellular localizations. BAEC were transfected with Wnt13A-
FLAG or Wnt13B-FLAG constructs, and 24 h later, the cells were fixed with 4% formaldehyde, permeabilized in 0.1% Triton, and stained with anti-FLAG antibodies (red) and with either
anti-�-catenin, anti-KDEL, or anti-�-tubulin antibodies (green) for co-localization purposes. B and C, Wnt13B proteins co-localize with mitochondrial markers. BAEC were transfected
as indicated for 24 h prior to mitochondria staining with the mitochondrial marker Mitotracker-Deep Red-633 for 45 min (blue). After cell fixation and permeabilization, Wnt13B-FLAG
proteins were stained with the rabbit polyclonal anti-FLAG antibodies (B, green; C, red), and the mitochondrial chaperonin HSP60 was stained with the mouse monoclonal anti-HSP60
(C, green) and appropriate Alexa-conjugated secondary antibodies. Representative images obtained by confocal microscopy are presented.
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dria fragmentation was also observed. The mitochondrial targeting was
completely lost in the �(1–88)Wnt13B mutants, since they were only
localized within nuclei (Fig. 5). These results are also compatible with
mitochondrial targeting sequences located in the N terminus of
Wnt13B and pinpoint both theN-terminal hydrophobic stretch and the
first �-helix as main determinants.

Dissociation between theMitochondrial Targeting and the Production
of S-Wnt13B—Since the S-Wnt13B form displayed an intermediate size
between �(1–52)Wnt13B-FLAG and �(1–88)Wnt13B-FLAG, these

results suggested that if S-Wnt13B results from a proteolytic cleavage dur-
ing the targeting tomitochondria, the cleavage sitewas close to theputative
Tyr702Pro71 site instead of the Val512Ile52 site. However, attempts to
determine whether the S-Wnt13B form arises from proteolytic cleavage of
the L-Wnt13B form using various inhibitors of degradation pathways (i.e.
inhibitors of the proteasome, calpain, lysosome, and caspase activities) as
well as inhibitors of metalloprotease activities to inactivate the mitochon-
drial processingpeptidase gave inconsistent results (not shown).Therefore,
targetedmutationsweredesigned topinpoint themechanismofgeneration

FIGURE 4. Wnt13B N-terminal sequences contain mitochondrial targeting sequences. A, the unique N-terminal sequence of Wnt13B is in boldface type, and the two putative
amphiphatic �-helices are underlined. Two putative cleavage sites predicted either by MitoProt II or by PSORT are indicated with arrows. The conserved Cys88 palmitoylation site (*)
and Gln91 N-glycosylation site (@) are also indicated. The N-terminal Wnt13A/Wnt13B chimeras and the N terminus deletion mutants of Wnt13B generated in this study are
represented. Wnt13A-specific sequences in Wnt13AB and Wnt13BA chimeras are in italic type. B, analysis of the processing of the chimeras of Wnt13A and Wnt13B N termini. BAEC
were transiently transfected with the various constructs as indicated and were either left untreated (�) or treated with 5 �g/ml tunicamycin for 20 h. C, Western blot analysis of wild
type and N-terminal deletion mutants of Wnt13B. BAEC were transiently transfected either with control (C) or with the various Wnt13B deletion constructs as indicated. In all cases
(B and C), whole cell extracts were prepared 24 h after transfection and analyzed on 10% polyacrylamide-SDS gel followed by immunoblotting for detection of the FLAG-tagged
proteins.

FIGURE 5. Localization of Wnt13B in mitochon-
dria is dependent upon its N-terminal
sequences. The co-localization of wild type, N-ter-
minal chimeras, and N-terminal deletion mutants
of Wnt13B-FLAG proteins (red) with Mitotracker-
Deep Red-633 (blue) and the mitochondrial chap-
erone HSP60 (green) was assessed by confocal
immunofluorescence microscopy in transiently
transfected BAEC as described under “Materials
and Methods.” Representative images are shown.
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of the S-Wnt13B form and its association with Wnt13B mitochondrial
targeting, and the results are summarized in Table 2. The targeted muta-
tions eliminating the Arg residue in position�2 of the putativemitochon-
drial cleavage sites,R69G-Wnt13BandR50A-Wnt13B, affectedneither the
appearance of the S-Wnt13B form nor the localization of the mutant pro-
teins in mitochondria. Similarly, mutations of each positively charged
amino acid either in the first �-helix of Wnt13B ((K38A,R42A,R50A)-
Wnt13B) or upstream of the putative Tyr702Pro71 cleavage site
((R62A,R64A,R69G)-Wnt13B) did not affect the appearance of the
Wnt13B protein doublet. A mitochondrial localization was still observed
for both triplemutants, although the (K38A,R42A,R50A)-Wnt13Bmutant
displayed more nuclear localization than wild typeWnt13B (Table 2).
Thus, the positively charged residues located either in the first�-helix

(38–50) or in positions 62–69 of theWnt13B N-terminal sequence are
dispensable for themitochondrial targeting, and there are nomitochon-
drial proteolytic cleavages taking place in either the Val512Ile52 or
Tyr702Pro71 positions. The latter results in conjunction with our
results with the chimera Wnt13AB and the deletion �(1–17)Wnt13B
mutants suggest that the generation of the S-Wnt13B form is separate
from the mitochondrial targeting.

S-Wnt13B Is Generated via the Alternative Met74 Translation Start
Site—Among the various aa changes generated in Wnt13B N-terminal
sequences to delineate their role inWnt13B processing and localization,
the Wnt13B protein doublet was completely abolished only with the
M74L-Wnt13B mutant (Table 2). In contrast, targeted mutations sur-
rounding Met74, such as D72E and R75A, had no effect on theWnt13B
protein doublet, since both L-Wnt13B and S-Wnt13B forms were
observed (Table 2).With theM74L-Wnt13Bmutant, only the long form
ofWnt13B was observed (Fig. 6B), indicating that the use of an alterna-
tive translation start site,Met74, might be responsible for the generation
of S-Wnt13B. To further test this hypothesis, the reciprocal mutation of
the first translation start site was generated. As shown in Fig. 6B, the
Wnt13B protein doublet was also abolished with the M1L-Wnt13B
mutant, since only the S-Wnt13B form was observed. To rule out any
possible spurious RNA splicing occurring in Wnt13B-transfected cells
that eliminates the first ATG, the expression of the various Wnt13

mRNA species in BAEC transfected with the human Wnt13B cDNA
was controlled by reverse transcription-PCR. Human-Wnt13B cDNA
was the only Wnt13 cDNA that could be amplified with the specific
human primers located in exons 1 and 4 (Fig. 6C). Smaller human
Wnt13 cDNAs, even the humanWnt13C splice variant identified in this
study, were undetectable in Wnt13B-transfected BAEC (Fig. 6C). Alto-
gether these results demonstrated that the L-Wnt13B form is encoded
from the first ATG encountered in Wnt13B mRNA, whereas the
S-Wnt13B form is generated from the samemRNAspecies via the use of
an alternative translation start site located 73 codons downstreamof the
first ATG and codes for Met74 in L-Wnt13B. The subcellular localiza-
tion ofM1L-Wnt13B andM74L-Wnt13B, equivalent to S-Wnt13B and
L-Wnt13B, respectively, were determined by confocal immunofluores-
cence microscopy. In transfected BAEC, M1L-Wnt13B/S-Wnt13B
localizedmainly to the nucleus, whereas only a residual associationwith
mitochondria was observed (Fig. 6D) and thus behaved similarly to
�(1–52)Wnt13B (Fig. 5). In contrast, M74L-Wnt13B/L-Wnt13B were
mainly localized to mitochondria (Fig. 6D), and the small nuclear local-
ization observed with Wnt13B (Fig. 3) was greatly reduced, since less
than 3% of the M74L-Wnt13B-expressing cells display a nuclear stain-
ing. Thus, when S-Wnt13B and L-Wnt13B are expressed alone, their
subcellular localizations can be distinguished, since they are targeted
mainly to the nucleus andmitochondria, respectively. These subcellular
localizations were also confirmed by cell fractionation (Fig. 6E). Indeed,
M74L-Wnt13B/L-Wnt13B co-fractionate with the mitochondrial pro-
tein apoptosis-inducing factor, whereasM1L-Wnt13B is mainly associ-
ated with the nuclear fraction (Fig. 6E). Wnt13B was present mainly in
the mitochondria enriched fraction and to a lesser extent in the nuclear
fraction, similar to how it was observed by immunofluorescence
microscopy. Wnt13A co-fractionated mainly with the ER marker cal-
nexin but was also found associated with light membrane fractions. All
of the transfected Wnt13 forms were present also in the ER fraction,
since this fraction includes also the rough ER, where their synthesis is
taking place. As was previously noticed with Wnt13A (Fig. 2A), stable
homodimers of M1L-Wnt13B or of M74L-Wnt13B were also observed
in transfected BAEC (Fig. 6F). In Wnt13B-transfected BAEC, three
dimer bands were observed corresponding to S-Wnt13B homodimers
and L-Wnt13B homodimers as they co-migrated with M1L-Wnt13B
and M74L-Wnt13B homodimers, respectively, as well as an interme-
diary band corresponding to S-Wnt13B/L-Wnt13B heterodimers
(Fig. 6F).

S-Wnt13B Is Equivalent to Wnt13C—In light of these results, the
deduced N-terminal sequence for Wnt13C (Figs. 1 and 6A) had to be
revisited, since Wnt13C mRNAs could also be translated from the sec-
ond ATG and encode a protein equivalent to S-Wnt13B. To test this
hypothesis, the FLAG tag coding sequence was inserted in Wnt13C
cDNA in the same place and frame as inWnt13B cDNA (see “Materials
and Methods” and Table 1). In BAEC transfected with Wnt13C-FLAG
constructs, Wnt13C proteins appeared as a single protein band similar
in size to S-Wnt13B andM1L-Wnt13B (Fig. 6B) and also localized in the
nucleus (Fig. 6E). Therefore, our results demonstrate that S-Wnt13B
and Wnt13C proteins are undistinguishable and that Wnt13C nuclear
forms are translated from both Wnt13B and Wnt13C mRNAs.

Nuclear Forms ofWnt13 Increase�-Catenin-TCFActivity inHEK293
Cells—Since the�-catenin/TCFpathway is not functional in BAEC (not
shown), the effects of the variousWnt13 forms on the activation of this
pathway were determined in HEK293 cells using the standard TOP-
Flash luciferase reporter assay (30). None of Wnt13 forms, including
Wnt13A, induced directly an activation of the�-catenin/TCF activity in
HEK293 as measured by the TOP-Flash luciferase reporter assay (not

TABLE 2
Summary of the characterization and localization of Wnt13 isoforms
and mutants

Name N-Glycosylation Doublet Localization
Wnt13A � � ER
Wnt13B � � Mitochondria �

nucleus
Wnt13C � � Nucleus
Wnt13AB � � Mitochondria �

nucleus
Wnt13BA � � ER
�(1–17)Wnt13B NDa �/� Mitochondria �

nucleus
�(1–52)Wnt13B ND � Nucleus  

mitochondria
�(1–88)Wnt13B ND � Nucleus
R50A-Wnt13B ND � Mitochondria �

nucleus
R69G-Wnt13B ND � Mitochondria �

nucleus
K38A,R42A,R50A-
Wnt13B

ND � Mitochondria-
nucleus

R62A,R64A,R69G-
Wnt13B

ND � Mitochondria �
nucleus

M74L-Wnt13B ND � Mitochondria
D72E-Wnt13B ND � Mitochondria �

nucleus
R75A-Wnt13B ND � Mitochondria �

nucleus
M1L-Wnt13B ND � Nucleus

a ND, not determined.
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shown). However, the nuclear forms induced a significant 2.3-fold
increase of the �-catenin/TCF activity in HEK293 cells co-transfected
with the stable mutant S37A-�-catenin, whereas M74L-Wnt13B,
Wnt13B and Wnt13A had no effect (Fig. 7A). This increase of �-cate-
nin/TCF activity was not due to an increase of the expression or stability
of S37A-�-catenin, since similar amounts of HA-S37A-�-catenin were
observed across the various co-transfections (Fig. 7A). We next tested,
using real time PCR, whether the nuclear forms ofWnt13were also able
to increase the expression of IL-8, a known �-catenin target gene (35).
As shown in Fig. 7B, the expression of IL-8 mRNA in HEK293 cells was
increased by the nuclear formM1L-Wnt13B alone and in combination
with S37A-�-catenin about 2- and 3-fold, respectively, as compared

with the control. The 2.2-fold further increase of IL-8mRNAexpression
obtained with the combinationM1L-Wnt13B/S37A-�-catenin as com-
pared with S37A-�-catenin alone is in agreement with the increase of
�-catenin/TCF activity observed with the same combination in Fig. 7A.

Nuclear Forms of Wnt13 Increase Apoptosis in BAEC—The main
characteristic of Wnt13B-expressing cells was the fragmented mor-
phology of the mitochondrion as well as a decreased ability to accumu-
late the Mitotracker dye (Figs. 3 and 5). Since mitochondria fragmenta-
tion is an early event in the cascade leading to apoptotic cell death (36),
the possibility thatWnt13Bwas inducing apoptosis in BAECwas tested.
For this purpose, the percentage of apoptotic nuclei in Wnt13B-ex-
pressing cells was determined (Fig. 8A). As comparedwith cells express-

FIGURE 6. The S-Wnt13B form is generated via the use of an alternative translation start, Met74. A, representation of the N-terminal sequences of Wnt13B, Wnt13C, and of the
M1L- and M74L-Wnt13B mutants. B, analysis of the expression of Wnt13C-FLAG proteins and of M1L- and M74L-Wnt13B-FLAG mutants in BAEC. BAEC were transiently transfected
with the indicated constructs, and 24 h later, whole cell extracts were prepared, and the FLAG-tagged proteins were detected by immunoblotting. C, analysis of the Wnt13 mRNA
species expressed in Wnt13B-transfected BAEC by reverse transcription-PCR. BAEC were transfected with the huWnt13B construct for 18 h prior to total RNA isolation, removal of DNA
contaminations, and reverse transcription as described under “Materials and Methods.” Wnt13 cDNAs were amplified using the forward Wnt13B/C primer located in exon 1 and the
reverse Wnt13 universal primer located in exon 4 and were resolved on 2% agarose gels. As a control, the endogenous Wnt13B and -C mRNA isoforms were similarly amplified using
total RNA from HEK293 cells and HUVEC. D, analysis of the subcellular localization of Wnt13C-FLAG and of M1L-Wnt13B and M74L-Wnt13B-FLAG mutants by confocal immunoflu-
orescence microscopy as previously described. Representative images are shown. E, analysis of the subcellular localization of the various Wnt13 forms by cell fractionation and
immunoblotting. The quality of the different subcellular fractions was monitored using calnexin as an ER marker, AIF as a mitochondrial marker, CREB as a nuclear marker, and SOD1
as a cytosolic marker. F, analysis of Wnt13B dimers. BAEC were transiently transfected with the indicated constructs, and 24 h later, whole cell extracts were prepared, and the
FLAG-tagged proteins were separated on nondenaturing 8% polyacrylamide gels and detected by immunoblotting.
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ingWnt13Aproteins or green fluorescent proteins targeted to themito-
chondriamatrix (YC4-mit), therewas a slight increase in the percentage
of apoptotic nuclei in cells expressingWnt13B proteins (10% versus 7%),
although it was not statistically significant. In contrast, signs of apop-
totic nuclei were observed in 35% of the cells expressing the deletion
mutant �(1–52)Wnt13B-FLAG and �(1–88)Wnt13B-FLAG proteins
(Fig. 8A). Since these deletion mutants localize in the nuclei (Fig. 5),
these results suggest that the increase in cell apoptosis is associatedwith
the nuclear localization of Wnt13B proteins rather than with its mito-
chondrial localization. In agreement with this hypothesis, the expres-
sion of the nuclear Wnt13C and M1L-Wnt13B proteins was also asso-
ciated with an increase of the appearance of apoptotic nuclei in BAEC,
18 and 27% in expressing cells, respectively, whereas the expression of
M74L-Wnt13B proteins had similar effects as the control proteins (5%
versus 7%) (Fig. 8A). The activation of caspase-3, another marker of
apoptosis was undetectable in BAEC transfected with the various con-
structs in the absence of further apoptotic stimuli (not shown). How-

ever, in the presence of a low dose of TNF� (5 ng/ml) for 12 h, the
appearance of the active cleaved caspase-3 fragment can be followed by
immunoblotting (Fig. 8,B andC). Under these conditions, an increase of
the levels of active caspase-3 was observed in BAEC expressing the
nuclear forms of Wnt13B, �(1–52)Wnt13B and �(1–88)Wnt13B (Fig.
8B), as well as Wnt13C and M1L-Wnt13B (Fig. 8C), compared with
BAEC expressing the mitochondrial targeted green fluorescent protein
(YC4-mit), Wnt13A, Wnt13B, or the mitochondrial M74L-Wnt13B
(Fig. 8, B and C).

FIGURE 7. Wnt13 nuclear forms increase �-catenin-TCF activity in HEK293 cells. A,
analysis of the transcriptional �-catenin/TCF activity by luciferase assays. HEK293 cells
were co-transfected with a normalization control vector (phRG-TK), the degradation-
resistant �-catenin mutant (S37A-�-catenin), the TCF/LEF reporter construct TOP-Flash,
or the mutated FOP-Flash construct and the various Wnt13 constructs or YC4-mit con-
struct as control. Luciferase activities were quantified by dual luciferase assays, and, after
normalization of the firefly luciferase activity versus Renilla luciferase activity, the ratio of
the specific �-catenin/TCF activity (TOP-Flash) versus unspecific activity (FOP-Flash) was
determined. The results are expressed as -fold increase of the ratio TOP-Flash/FOP-Flash
in Wnt13-transfected cells versus control-transfected cells (YC4-mit). S.D. values are indi-
cated; *, differences were significant at p � 0.01 (t test, analysis of variance). B, analysis of
the induction of IL-8 mRNA expression by real time PCR. HEK293 cells were transfected
either with pCR3 (pCR3), pcDNA3-S37A-�-catenin (�cat), pCR3-M1L-Wnt13B (M1L), or
the combination pcDNA3-S37A-�-catenin � pCR3-M1L-Wnt13B (�cat�M1L) for 24 h
prior to total RNA extraction. The levels of IL-8 mRNA expression were monitored by real
time PCR and normalized with the expression of rpL32 mRNA as indicated under “Mate-
rials and Methods.” The -fold induction of IL-8 mRNA expression was determined against
the control (pCR3 � 1). Mean and S.E. values of the -fold induction of IL-8 expression
obtained in four independent transfection experiments are reported in the graph; *,
differences were significant at p � 0.01 (t test, analysis of variance).

FIGURE 8. Wnt13 nuclear forms increased apoptosis in BAEC. A, quantification of
apoptotic nuclei in BAEC expressing cells. BAEC were transfected with the various con-
structs as indicated, and 36 h later the cells were fixed, permeabilized, and stained with
the anti-FLAG antibodies. The nuclei were stained with 4�,6-diamidino-2-phenylindole
during slide mounting. Images of 100 cells expressing either FLAG epitope (Wnt13) or
green fluorescent protein (YC4-mit) were taken in random fields for each of the con-
structs, and the numbers of fragmented (arrows) and condensed (arrowheads) nuclei as
shown in the inset were determined. The results are expressed as a percentage of the
total nuclei analyzed and are means of 3–5 independent experiments. S.D. values are
indicated; differences were significant at p � 0.01 (*) and p � 0.05 (#) (t test, analysis of
variance). B and C, analysis of caspase-3 activation. BAEC were transfected with the var-
ious constructs as indicated, and 20 h later, the cells were treated with 5 ng/ml of TNF-�
for an additional 12-h period. Adherent and detached cells were combined, washed in
PBS, and lysed. An equivalent amount of proteins was loaded on SDS-12% PAGE, and the
presence of active cleaved caspase-3 fragment, procaspase-3, and FLAG-tagged pro-
teins was analyzed by immunoblotting. Images from representative experiments are
shown.
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DISCUSSION

Altogether the results presented in this report reveal the complexity
ofwnt13 expression, since combinations of alternative promoters, alter-
native RNA splicing, and alternative translation start sites are used to
generate threeWnt13 protein isoforms displaying different intracellular
localizations. Alternative promoters and alternative RNA splicing give
rise to three differentmRNAspecies, the previously describedWnt13A/
Wnt2B2 and Wnt13B/Wnt2B1 mRNAs (20) and a novel Wnt13C
mRNA (Fig. 1), which are expressed in all the endothelial cell lines tested
(Fig. 1). In addition,Wnt13BmRNAwas shown to encode two proteins
via the use of alternative translation start sites, L-Wnt13B and
S-Wnt13B forms. The latter is identical to theWnt13C protein encoded
byWnt13C mRNA, since the same translation start site is used (Fig. 6).
Although this is the first report demonstrating the presence of alterna-
tive translation start sites inWntmRNAs, this is amechanism known to
regulate the spatio-temporal expression of various proteins involved in
development as well as to increase the diversity of their N-terminal
sequences, which results in different subcellular localizations and activ-
ities (37). For example, nuclear and cytoplasmic forms of fibroblast
growth factor-2 displaying different transforming activities are pro-
duced through such alternative translation initiation sites (38).
We have demonstrated for the first time that two isoforms of Wnt13

proteins, L-Wnt13B and S-Wnt13B/Wnt13C, are targeted to mito-
chondria and to the nucleus rather than to the ER and the secretory
pathway like Wnt13A (Figs. 3 and 6) and most of the Wnt proteins
(11–13). Previously, Wnt13A/Wnt2B2 was shown to induce the dupli-
cation axis in Xenopus embryos and to activate the �-catenin pathway,
whereasWnt13B/Wnt2B1 failed to do so (25). Our results, demonstrat-
ing the different subcellular localization for Wnt13A and both forms of
Wnt13B (Figs. 3 and 6), explain the differential activities observed.
L-Wnt13B andWnt13A differ only by their N-terminal sequences, and
herein we have shown that the �-helix of L-Wnt13B, located between
residues 26 and 50, and the �-helix of Wnt13A containing the leucine
stretch of the signal peptide are key determinants for targeting to mito-
chondria and to the ER, respectively (Figs. 4 and 5). All forms lacking
these N-terminal sequences, such as Wnt13C/S-Wnt13B and the �(1–
52)Wnt13 and �(1–88)Wnt13 deletion mutants, display predomi-
nantly a nuclear localization (Figs. 5 and 6). The N-terminal sequences
are the most divergent domains among the Wnt family members, and
they have previously been implicated in the different secretion efficien-
cies of the Wnt proteins (11). The N-terminal sequences of Wnt1 (res-
idues 1–99) were shown to contain the main determinant distinguish-
ing Wnt1 and Wnt5A in their ability to transform C57MG epithelial
cells and to induce�-catenin stabilization (39). Our results reinforce the
importance of these variable N-terminal sequences both in the process-
ing and intracellular localization of the Wnt proteins and thus suggest
additional diversity in their activities and mechanisms of action.
Localization of Wnt13B-FLAG proteins in mitochondria was dem-

onstrated by co-localization with various markers of mitochondria: the
Mitotracker dye that specifically accumulates in active mitochondria
(40) and the mitochondrial matrix chaperone HSP60 (41). Wnt13B
mitochondrial localization was confirmed by biochemical analysis of
mitochondria enriched fractions, where both L-Wnt13B and S-Wnt13B
forms could be detected (Figs. 2 and 6). In addition to thismitochondrial
localization, we have observed that 10–20% of the cells expressing
Wnt13B-FLAG proteins displayed also a nuclear localization (Fig. 3).
These variable levels of nuclear localization can be accounted for by
variable expression of S-Wnt13B, since this form is mainly nuclear (Fig.
6,D and E). Although the subcellular localization of L-Wnt13B inmito-
chondria and S-Wnt13B in nucleus can be detected unambiguously

when they are expressed alone (Fig. 6, D and E), this was not possible
when L-Wnt13B and S-Wnt13B are co-expressed together in Wnt13B
cDNA-transfected cells. We have observed that L-Wnt13B/S-Wnt13B
heterodimers are present in whole cell extracts as well as in mitochon-
drial fractions (Fig. 6, B and E), which can explain these discrepancies of
localization. Similarly, the residual associationwithmitochondria of the
nuclear forms, the �(1–52)Wnt13B deletion mutant and M1L-
Wnt13B/S-Wnt13B mutant, might be due to the formation of het-
erodimers between the endogenousWnt13B forms and the transfected
mutated forms. Alternatively, residual interactions of Wnt13 nuclear
forms with proteins involved in mitochondrial targeting, such as chap-
erones (41), might explain these observations. Wnt proteins have been
previously shown to interact with chaperones located in the ER, such as
Grp78-BiP, and this interaction was considered as the main cause of
Wnt protein retention in the ER (13). In addition, such chaperone-
mediated targeting of Wnt13 proteins could explain the intriguing
absence of Wnt13 precursor proteins in the cytoplasm. Further work is
needed to clearly delineate the role of Wnt13 dimerization and/or
Wnt13 protein/protein interactions in its targeting.
Most of the proteins destined for the mitochondrial matrix as well as

for the mitochondria inner membrane are initially synthesized as a pre-
cursor with cleavable N-terminal targeting presequences, which display
amphiphatic �-helices able to interact with both the translocase outer
membrane and the translocase inner membrane complexes (42).
Although both the hydrophobic stretch (aa 1–17) and the �-helix (aa
26–50) of Wnt13B-specific N-terminal sequences were necessary for
Wnt13B targeting to mitochondria (Fig. 5), they were insufficient to
target a Wnt13B-(1–50)-green fluorescent protein fusion protein to
mitochondria (not shown). Also, mutations of all of the positively
charged residues in Wnt13B �-helix or surrounding putative
mitochondrial cleavage sites, (K38A,R42A,R50A)-Wnt13B and
(R62A,R64A,R69G)-Wnt13B mutants, did not affect the mitochon-
drial targeting (Table 2). Altogether these results indicate that
Wnt13B targeting to mitochondria appears independent of the
interaction with the translocase outer membrane/translocase inner
membrane complexes and suggest that additional domains, such as a
chaperone interaction domain or the overall structure of Wnt13
proteins, are also necessary for the mitochondrial targeting. Simi-
larly, the nuclear Wnt13C proteins are lacking typical nuclear local-
ization sequences. Although their small size (�40 kDa) should
enable a free diffusion across the nuclear pore, Wnt13C nuclear
translocation might be chaperone-mediated.
Wnt13B proteins were tightly associated with mitochondrial mem-

branes, even in mitoplasts lacking the outer membrane (Fig. 2C). Muta-
tion of Wnt13B-cysteine 88, which corresponds to the conserved cys-
teine being modified by palmitoylation in several Wnt proteins during
their transit in the ER (18, 19), had no effect onWnt13B mitochondrial
targeting (Table 2). This lack of effect is consistent with a palmitoylation
modification of theWnt proteins taking place specifically in the ER like
theN-glycosylationmodifications. Further work is needed to determine
whether other lipid modifications of L-Wnt13B are responsible for the
targeting to mitochondria or whether L-Wnt13B is an inherent mem-
brane protein.
In Wnt13B-expressing cells, mitochondria displayed a fragmented

morphology and a reduced ability to accumulate Mitotracker dye (Figs.
3 and 5).Mitochondria fragmentation occurs physiologically during cell
replication and division but also during apoptosis (36). Wnt13B local-
ization to mitochondria was not clearly associated with apoptosis,
whereas expression of Wnt13 nuclear forms increased significantly the
number of apoptotic nuclei (Fig. 8A) and rendered BAECmore suscep-
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tible to TNF-�-induced apoptosis (Fig. 8, B and C). The effects of the
nuclear forms on apoptosis might be associated with their effects on
�-catenin/TCF activities, since this pathway has also been involved in
apoptosis (43). In agreement with the lack of apoptosis, the ATP pro-
duction was not significantly altered in Wnt13B-transfected cells (not
shown); therefore, the reduced accumulation of the Mitotracker dye
could not be explained by inactive mitochondria. Since Wnt13B in
mitochondria is associated with the membranes, it is conceivable that
the diffusion of Mitotracker to the mitochondrial membranes is pre-
vented when Wnt13B proteins are in excess. On the other hand, Wnt
proteins and Wnt signaling components have been implicated in cell
division and differentiation (44, 45). Cell division requires coordinated
nuclear and mitochondrial divisions as well as redistribution of
organelles, including mitochondria, to the daughter cells (46). There-
fore, the possibility thatWnt13B andWnt13Cplay a role in the constant
cross-talk between mitochondria and nucleus is worth testing.
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