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Abstract
Wnt proteins control cell survival and cell fate during development. Although Wnt expression is
tightly regulated in a spatio-temporal manner, the mechanisms involved both at the transcriptional
and translational levels are poorly defined. We have identified a downstream translation initiation
codon, AUG(+74), in Wnt13B and Wnt13C mRNAs responsible for the expression of Wnt13 nuclear
forms. In this report, we demonstrate that the expression of the nuclear Wnt13C form is translationaly
regulated in response to stress and apoptosis. Though the 5’-leaders of both Wnt13C and Wnt13B
mRNAs have an inhibitory effect on translation, they did not display an internal ribosome entry site
activity as demonstrated by dicistronic reporter assays. However, mutations or deletions of the
upstream AUG(−99) and AUG(+1) initiation codons abrogate these translation inhibitory effects,
demonstrating that Wnt13C expression is controlled by upstream open reading frames. Since long
5’-untranslated region with short upstream open reading frames characterize other Wnt transcipts,
our present data on the translational control of Wnt13 expression open the way to further studies on
the translation control of Wnt expression as a modulator of their subcellular localization and activity.

Introduction
Wnt proteins play a key role during development by controlling cell survival, proliferation and
differentiation [1]. There are 19 different Wnt genes in mammals and their expression is tightly
regulated in a spatio-temporal manner during development in particular via tissue specific
transcriptional control [1]. However, increasing evidence suggests that numerous
developmental and apoptosis factors also regulated at the translational level to ensure fine
tuning of expression during the early stages of development and regulated cell death [2,3].

Internal ribosome entry segment (IRES) is the most common mechanism for alternative
translation initiation in particular during apoptosis and the expression of numerous anti-or pro-
apoptotic factors is controlled by an IRES-dependent and cap-independent mechanism [4,5].
IRES involves specific RNA secondary structures such as stem loop structures able to recruit
IRES translation accessory factors (ITAFs) that drive translation initiation from the alternative
AUG codon [5,6]. In the Wnt signaling pathways, only the expression of LEF-1, a downstream
effector of the Wnt/β-catenin signaling pathway, was shown to be controlled by both alternative
promoter and IRES, which result in the expression of the full-length and β-catenin responsive
LEF-1 form particularly in tumoral cells [7,8]. In addition to IRES, other mechanisms such as
leaky ribosome scanning, ribosome shunting, and ribosome re-initiation seem to occur more
often than at first suspected [9]. All these mechanisms including IRES are regulated either
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positively or negatively by the translation of short upstream open reading frames (ORFs)
[10,11].

The complexity of Wnt gene expression has begun to be unraveled in different species with
the identification of alternative promoters such as in human wnt13 [12,13] and wnt16 [14]
genes, which are responsible for the expression of Wnt proteins differing in their N-terminal
sequences [12–14] and in their sub-cellular localizations [12]. In addition to two alternative
promoters giving rise to either Wnt13A mRNA or Wnt13B and Wnt13C mRNAs, Wnt13
expression is also controlled by alternative splicing and alternative translation initiation sites
[12]. Indeed, we have recently shown that although Wnt13B and Wnt13C mRNAs differ by
an alternative skipping of exon 2 (see Fig. 1A), in both cases, a downstream translation start
site, AUG(+74), was used leading to the expression of the nuclear S-Wnt13B/Wnt13C forms
associated in endothelial cells with an increased susceptibility to TNFα-induced apoptosis
[12]. In this study, our goal was to investigate the regulation and the mechanisms involved in
the choice of the translation start site AUG(+74) giving rise to the nuclear S-Wnt13B and
Wnt13C forms.

Material and Methods
Materials

Lipolysaccharide (LPS) and tumor necrosis factor (TNF-α) were from Calbiochem. LY294002,
tunicamycin, MG132, and ALLN were purchased from Sigma (St-Louis, MO, USA). The
specific proteasome inhibitors epoxomycin and eponomycin were a kind gift from Dr. Kim
(University of Kentucky). The rabbit polyclonal antibodies against D175-cleaved-caspase 3,
caspase 3, β-actin, and the secondary horseradish peroxidase-conjugated antibodies were
purchased from Cell Signaling Technology (Danvers, MA). The rabbit polyclonal anti-Flag
tag antibodies were obtained from Cayman-Chemicals (Ann Arbor, MI).

Cells and transfections
The primary BAEC (Cambrex) were maintained in DMEM 1g/L glucose with 5% FBS and
the HEK293T cell line (Invitrogen, Carlsbad, CA) was maintained in DMEM 4.5g/L glucose
with 10% FBS. Both media were supplemented with penicillin and streptomycin. Transfections
were performed with Exgene500 reagent accordingly to the manufacturer’s recommendations
(Fermentas).

Wnt13C-Flag and Wnt13B-Flag expression plasmids
The Wnt13B-Flag and Wnt13C-Flag expression constructs were previously described as well
as the mutated M1L-Wnt13B-Flag, M1L-Wnt13C-Flag and M74L-Wnt13B-Flag constructs
[12]. The pΔCMV-Wnt13B-Flag construct with the deletion of the CMV promoter sequences
was obtained from the pCR3-Wnt13B-Flag construct by restriction digest with Spe1. The
insertion of the Myc-tag sequence at the AUG1 codon of Wnt13C was done by PCR using the
primers 5’-
CCACCATGGGCGAACAAAAACTCATCTCAGAAGAGGATCTGGTGTTGGATGGCC
TTG-3’ and 5’-
TCACTTATCGTCGTCATCCTTGTAATCTGCGGTCTGGTCCAGCCAC-3’. The
deletion mutants Δ12- and Δ17-Wnt13B, where the first 12 and 17 AAs respectively were
deleted meanwhile a start codon with upstream consensus Kozak sequences (CCACCatg)
[15] were added in frame, were also generated by PCR with the common reverse primer 5’-
TCACTTATCGTCGTCATCCTTGTAATCTGCGGTCTGGTCCAGCCAC-3’ and the
specific forward primers 5’-GCCACCATGTTTGGAATTCTTCAAAAACTG-3’ (Δ12-
Wnt13B-Flag) and 5’- GCCACCATGAAAACTGAAGGATCCTTG-3’ (Δ17-Wnt13B-Flag).
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Reverse transcription-PCR and real-time PCR analyses
Total RNA extraction were performed using Trizol reagent (Invitrogen). Total RNA (1 µg)
was subjected to DNAse I treatment for 15 min (Invitrogen) prior to being reverse transcribed
with 0.5 µg oligo dT and 200U reverse transcriptase (Invitrogen). For the RT controls, the
reverse transcriptase was omitted. Real-time PCRs were performed in duplicates, with an
equivalent of 16 ng total RNA per reaction and 10 pmoles of either Wnt13 primers: 5’-
CTTGGAGTGGTAGCCATAAGC-3’/5’-GCATGATGTCTGGGTAACGC-3’ or rpL30
primers for normalization: 5’-CTCAACGAGAACAAGCTATC-3’/5’-
CCAATCTGCCGACTTAGCG-3’, using the SyBr Green PCR core reagent and the ABI7000
apparatus (Applied-Biosystems, Forest City, CA, USA).

Whole cell extracts and Western Blot analysis—After washes with cold PBS, the cells
were lysed in 50 mM HEPES pH 7.4, 0.1% CHAPS, 5 mM DTT and 2 mM EDTA
supplemented with protease and phosphatase cocktail inhibitors (Sigma). Equal amounts of
proteins were denaturated, fractionated on SDS-polyacrylamide gels (PAGE) and transferred
onto Immobilon P membrane. After blocking, the membranes were incubated with the various
primary antibodies as indicated and subsequently with the appropriate secondary antibodies
conjugated to horseradish peroxidase. Immuno-reactive proteins were detected using
SuperSignal® chemiluminescence (Pierce Chemical Co, Rockford, IL, USA) and the intensity
of the resulting bands was determined by densitometry using Scion software.

Dicistronic Renilla Luciferase (RL)-Firefly Luciferase (FL) constructs and dual
luciferase assays—The 5’ leaders of human Wnt13B and Wnt13C mRNAs were amplified
by RT-PCR from HUVEC total RNAs using the primers 5’-
CCCTGAAGAGCCCAAGCAATG-3’ and 5’-GCATGATGTCTGGGTAACGCTG-3’, and
cloned into pGEM-T-Easy (Promega). These 5’ leaders include the common 5’-UTR sequence
and the alternative exon 2 between the two alternative translation start sites (Fig. 1A). The
Wnt13B and Wnt13C leader sequences were subcloned either upstream of the RL coding
sequence in the pRL-HCV-IRES-FL construct to test their inhibitory effects on RL translation
or in the intercistronic space of the pRL-null-FL construct to test their IRES activities. The
pRL-HCV-FL and pRL-ECMV-FL constructs containing the IRES of HCV and ECMV
respectively were a kind gift from. Dr. Kruger and previously described [16]. The pRL-null-
FL construct was generated from the pRL-HCV-FL by deletion of the HCV-IRES and insertion
of the SacII-XbaI sites for subsequent subcloning of the various Wnt13B and Wnt13C leader
sequences. BAEC and HEK293T cells were co-transfected with 5 ng of pCMV-β-galactosidase
construct for normalization purposes and with 250 ng of the various pRL-FL constructs for 24
h prior to being treated with 1 µM MG132 for 10 h. Cells were then harvested, lysed and
assayed for RL and FL activities using the dual-luciferase assays (Promega) and for β-
galactosidase activities with Galacto Light Plus (Tropix-Applied Biosystems) on an LmaxII
luminometer (Molecular Devices). The ratio RL/FL and RL/β-galactosidase were determined
to assess the translation inhibitory activity of Wnt13 5’-leader sequences while the ratio FL/
RL, FL/β-galactosidase and RL/β-galactosidase were determined to assess the IRES activity
of Wnt13 5’-leader sequences. At least three independent transfection experiments were
performed in duplicates.

Results and Discussion
The 5’-leader sequences of Wnt13B and Wnt13C mRNAs are highly structured

We have previously shown that two alternative initiation start sites, AUG(+1) and AUG(+74),
were used during the translation of Wnt13B and Wnt13C mRNAs generating the mitochondrial
L-Wnt13B and the nuclear Wnt13C/S-Wnt13B forms (Fig. 1) and [12]. The 5’-leader
sequences of both Wnt13B and Wnt13C mRNAs present several features associated with
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regulated translation initiation [6]. Indeed, the 5’-UTRs are rather long, with 120 nucleotides
before the initiation codon AUG(+1) and with either 340 or 229 nucleotides before the initiation
codon AUG(+74) in Wnt13B and Wnt13C mRNAs respectively (Fig. 1A). There are also an
additional uORF close to the 5’-end starting at AUG(−99) and several possibilities of CUG
initiation codon including one in frame with AUG(+1) in the longest 5’-UTR reported so far
[13]. None of these initiation codons are in an optimum Kozak environment, but both AUG
(−99) and AUG(+74) present an A/G nucleotide in position −2 and thus appear in a more
favorable environment than AUG(+1) [15]. Based on M-fold analysis [17], Wnt13B and
Wnt13C 5’-mRNA leader sequences display highly stable secondary structures with free
energies ΔG ranging from −88 to −104 kcal/mole in Wnt13B mRNA and from to −70 to −75
kcal/mole in Wnt13C mRNA [17], which are known to impede ribosome scanning [6,11].
Moreover, using rapid amplification of cDNA 5’-end we found that the longest Wnt13C cDNA
in HUVEC started at the nucleotide +75 of the reported sequence (not shown), and was thus
devoid of the uAUG(−99) and uORF and is represented by Wnt13C-Flag and Wnt13B-Flag
constructs in our study. These data also indicated the possibility of different transcription start
sites generating Wnt13B and Wnt13C mRNA leaders with various lengths, structures and
uORFs, which is also a regulatory feature common to various growth factors including TGFβ
[3,11].

Modifications of the sequences surrounding AUG1 alter the expression of Wnt13B and
Wnt13C

To further ascertain that the translation from the downstream start codon AUG(+74) resulting
in the expression of the nuclear S-Wnt13B and Wnt13C forms was not due to the presence of
a cryptic promoter located in the 5’-mRNA leader sequences, the CMV promoter in pCR3-
Wnt13B-Flag construct was deleted to generate the pΔCMV-Wnt13B-Flag construct. As
previously described [12], the transfection of pCR3-Wnt13B-Flag construct in HEK293 cells
resulted in the appearance of the L-Wnt13B and S-Wnt13B doublet, while the transfection of
pCR3-Wnt13C and pCR3-M1L-Wnt13B gave rise to the short form and transfection of pCR3-
M74L-Wnt13B resulted in the expression of the long form (Fig. 1B). In contrast, the
transfection of pΔCMV-Wnt13B-Flag construct resulted in the total absence of expression of
Wnt13-Flag mRNAs (not shown) and of Flag-tagged proteins (Fig. 1B), confirming the
presence of the alternative translation start sites AUG(+1) and AUG(+74) in Wnt13B and
Wnt13C mRNAs. To determine the requirement for RNA structures and/or sequences in this
downstream translation initiation, Wnt13B-Flag expression constructs were generated with
deletions of the sequences corresponding to the first 12 AAs and 17AAs and with the insertion
instead of an initiation codon in a consensus gccaccAUG Kozak sequence [15] (Fig. 1A).
Surprisingly, the Δ12-Wnt13B-Flag construct resulted in a barely detectable expression from
both the inserted AUG(+12) and the downstream AUG(+74), while the Δ17-Wnt13B-Flag
construct resulted in the expression mainly from the inserted AUG(+17) (Fig. 1B). On the other
hand, modification of AUG(+1) with the insertion of a myc-tag sequence in Wnt13C, which
should affect only the expression of the short ORF, resulted also in a dramatic decrease of the
expression from the downstream AUG(+74) (Fig. 1B). Together these results indicated that
the RNA sequences and/or structures around the AUG(+1) were critical for the translation
initiation at the downstream AUG(+74) both in Wnt13B and Wnt13C mRNAs.

The expression of Wnt13C form increased in response to stress and apoptosis inducers
However, the expression of Wnt13C was always lower than its equivalent S-Wnt13B both in
primary BAEC and transformed HEK293 cells (Fig. 1B). These differences occurred in
absence of significant differences in levels of the exogenous Wnt13B-Flag and Wnt13C-Flag
mRNAs as determined by real-time PCR (not shown) indicating that the translation of Wnt13C
was inefficient as compared to S-Wnt13B translation although the same downstream AUG
(+74) was used. Next, we determined whether the use of the downstream AUG(+74) initiation
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codon was regulated during apoptosis using the apoptosis-sensitive primary BAEC. As shown
in Fig. 2B, the expression of Wnt13C in BAEC was increased by different stress and apoptosis
inducers including all the inhibitors of the proteasome tested, ALLN, MG132, epoxomycin
and eponomycin, the inflammatory and apoptotic inducers TNFα and LPS, and the PI3kinase
inhibitor LY294002 (Fig. 2B). The levels of Wnt13C expression correlated with the appearance
of cleaved-caspase 3, though the proteasome inhibitors were inducing higher levels of Wnt13C
(20 fold) than LPS treatment (4 fold) (Fig. 2B). Nonetheless, a sole increase of Wnt13C-Flag
stability triggered by the proteasome inhibitors was incompatible with the facts that S-Wnt13B,
the equivalent of Wnt13C, was observed in BAEC in absence of treatment (Fig. 2A) and that
the expression of both Wnt13B and Wnt13C was dependent on RNA sequences and/or
structures (Fig. 1B). Also, these differences in Wnt13C-Flag expression could not be explained
by the sole 1.5 fold increase in the exogenous Wnt13C-Flag mRNA levels after MG132
treatment as determined by real-time PCR (Fig. 2C). The analysis of the PCR products on
agarose gels confirmed the absence of spurious splicing of the exogenous Wnt13B-Flag and
Wnt13C-Flag mRNAs even after MG132 treatment (Fig. 2C). On the other hand, proteasome
inhibition was shown to affect translation at different levels including by increasing the activity
of the initiation factors eIF2 and eIF4E and thus the translation of stress related factors [18,
19]. Taken together these data indicated that Wnt13C expression was regulated at the
translational level in particular by stress and apoptosis inducers and thus suggested the
possibility of the presence of an IRES within Wnt13C mRNA.

The 5’-leader sequences of Wnt13B and Wnt13C mRNAs do not behave like an IRES
To test the presence of an IRES within Wnt13B and Wnt13C mRNAs, the 5’-leader sequences
were inserted in the pRL-Null-FL dicistronic vector between the coding sequences of renilla
luciferase (RL) and firefly luciferase (FL) with Wnt13 AUG(+74) in frame with the FL
initiation codon (Fig. 3A). In primary BAEC, only the positive control pRL-ECMV-FL
displayed significant levels of FL activities, while the transfection of the pRL-Null-FL, pRL-5’-
Wnt13B-FL and pRL-5’-Wnt13C-FL resulted in undetectable levels of FL activities (not
shown). In HEK293 cells, though the FL activities were detected after transfection of all the
dicistronic constructs, the presence of Wnt13B and Wnt13C 5’-UTR sequences did not increase
the expression of FL but instead decreased it as compared with the negative control pRL-Null-
FL (Fig. 3B) resulting in FL levels representing less than 0.1% of the RL levels. In contrast,
the levels of FL activities represented 17% of the RL activities in HEK293 transfected with
the IRES-positive control pRL-ECMV-FL (Fig. 3B). Moreover, treatment with 1 µM MG132
had no significant effects on the levels of FL activities including in cells expressing the IRES-
positive construct pRL-ECMV-FL (Fig. 3B). These results ruled out the presence of an IRES
within both Wnt13B and Wnt13C 5’-leader sequences and also suggested that these 5’-leaders
had rather an inhibitory activity on translation consistent with their stable secondary structures.
In agreement with this inhibitory effect, deletion of the Wnt13B 5’-UTR sequences up to 7
nucleotides upstream of AUG(+1), resulted in levels of FL activities similar as the negative
control pRL-Null-FL (Fig. 3B).

The upstream ORFs decrease the efficiency of translation of Wnt13B and Wnt13C mRNAs
To further test the inhibitory activity of Wnt13B and Wnt13C 5’-leaders on translation, they
were inserted upstream of the RL reporter sequence with the AUG(+74) in frame with the RL
initiation codon (Fig. 4A). The expression of RL was significantly inhibited up to 75% and
70% by Wnt13B 5’-leader and, 95% and 85% by Wnt13C 5’-leader in BAEC and HEK293
cells respectively (Fig. 4A). Treatment with 1 µM MG132 had no significant effect on this
inhibitory effect after normalization (Fig. 4A). Since the presence of uORFs alters the
efficiency of translation and Wnt13C-leader contains two uORFs instead of one in Wnt13B-
leader, we tested the effects of variable numbers of uORFs in Wnt13C leaders on the expression
of Wnt13C. As shown in Fig. 4B, Wnt13C expression was increased gradually by the sequential
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deletion of uAUG(−99) and mutation of AUG(+1). Similar increase of S-Wnt13B expression
was observed by the deletion and/or mutation of the uAUG(−99) and AUG(+1). These results
demonstrated that the uORFs were mainly responsible for the inhibitory activities of Wnt13B
and Wnt13C 5’-leaders on the expression of Wnt13 nuclear forms. Nonetheless, independently
of the number of uORFs and in absence of significant differences in the levels of mRNAs (not
shown), the expression of Wnt13C constructs was always lower than the corresponding
Wnt13B constructs indicating that the presence of exon 2 sequences enhances the translation
initiation from the AUG(+74) codon. Moreover, they indicated that the AUG(+74) was also
the major initiation codon in Wnt13B mRNA accordingly to the respective strength of the AUG
(+74) and AUG(+1) initiation codons.

In conclusion, our data demonstrate that the expression of the nuclear Wnt13C and S-Wnt13B
forms from the initiation codon AUG(+74) is negatively controlled by uORFs within the 5’-
leader sequences. Although the expression of Wnt13C was increased by stress and apoptosis
inducers and the initiation from AUG(+74) was favored by the presence of exon-2 sequences
and of RNA sequence and/or structure surrounding the AUG(+1) codon, there was no evidence
for the presence of an IRES driving the translation initiation from the AUG(+74) codon. These
long 5’-leaders containing several uORFs are not unique to human Wnt13B/C transcripts but
are in fact well conserved in most of Wnt transcripts (Table 1), suggesting that Wnts like other
growth factors and potent cell regulators might be tightly regulated also at the translational
level via in particular differential uORFs.
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Figure 1.
A) Alignment of Wnt13B and Wnt13C 5’-leader sequences. The putative translation start sites
AUG and CUG are indicated in bold and numbered. The premature stop codons are underlined.
The different Wnt13 expression constructs used in this study are indicated. B) Western blot
analysis of Wnt13B-Flag and Wnt13C-Flag expression in HEK293 cells transiently transfected
for 36 h as indicated.
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Figure 2.
The expression of Wnt13C increased in response to stress- and apoptosis-inducing agents. A)
BAEC were transfected with Wnt13C-Flag construct for 24 h prior to being treated with 100
ng/ml LPS, 10ng/ml TNFα, 2.5 µg/ml Tunicamycin (Tu), 10 µM LY294002 (LY), 25 µM
ALLN, 1 µM MG132, 1 µM epoxomycin (EPX) and 1 µM eponomycin (EPN) for 16 h. Wnt13-
Flag proteins and cleaved-caspase 3 were analyzed by western blotting using β-actin as loading
control. C) The integrity and levels of exogenous Wnt13B-Flag and Wnt13C-Flag mRNAs in
BAEC treated with (+) or without (−) 1 µM MG132 were analyzed on 2% agarose gels along
with the no template (NT) PCR control and minus reverse transcriptase (−RT) control, and
quantified by real time PCR respectively. The relative mRNA levels after normalization are
represented in the graph (mean ± SEM, n=3 independent transfection experiments).
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Figure 3.
The 5’-RNA leaders of Wnt13B and Wnt13C do not exhibit an IRES activity. HEK293 cells
were co-tranfected with pCMV-β-galactosidase and with the dicistronic pRL-FL constructs
schematically represented (A) for 24 h prior to being treated with (+) or without (−) 1 µM
MG132 for an additional 10 h period. After cell lysis, the RL, FL and β-galactosidase activities
were determined (B). The results are presented as the mean ± SEM of the ratio FL/RL activities,
RL/β-galactosidase activities and FL/β-galactosidase activities obtained in 4 independent
experiments.
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Figure 4.
The 5’-leaders of Wnt13B and Wnt13C mRNAs decrease the efficiency of translation. BAEC
and HEK293 cells were transfected with pRL-HCV-FL construct as control or with p5’UTR-
Wnt13B-RL-HCV-FL and p5’UTR-Wnt13C-RL-HCV-FL constructs containing the 5’-leader
sequences upstream of the RL coding region with the AUG(+74) in frame with the RL start
codon. After 24 h transfection, the cells were treated with vehicle (−) or 1 µM MG132 (+) for
10 h. After cell lysis, the RL, FL and β-galactosidase activities were determined. The results
are presented as the mean ± SEM of the ratio RL/β-galactosidase activities obtained in 3–4
independent experiments. B) Western blot analysis of Wnt13C-Flag expression after
transfection of HEK293 cells with Wnt13C-Flag and Wnt13B-Flag constructs containing
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variable number of uORFs: 5’-UTR-Wnt13C (2), Wnt13C (1), M1L-Wnt13C (0), 5’-UTR-
Wnt13B (1), Wnt13B and M1L-Wnt13B(0).
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