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hsa-mir-483 is located within intron 2 of the IGF2 gene. We have
previously shown oncogenic features of miR-483-3p through co-
operation with IGF2 or by independently targeting the proapop-
totic gene BBC3/PUMA. Here we demonstrate that expression of
miR-483 can be induced independently of IGF2 by the oncoprotein
β-catenin through an interaction with the basic helix–loop–helix
protein upstream stimulatory transcription factor 1. We also show
that β-catenin itself is a target of miR-483-3p, triggering a negative
regulatory loop that becomes ineffective in cells harboring an ac-
tivating mutation of β-catenin. These results provide insights into
the complex regulation of the IGF2/miR-483 locus, revealing play-
ers in the β-catenin pathway.

The multifunctional protein β-catenin is involved in cell–cell
adhesion when it is localized to the cellular membrane (1),

and in transcriptional regulation by translocation into the nu-
cleus through the Wnt pathway (2). Wnt signaling is an important
molecular pathway required for cellular differentiation, tissue
homeostasis, and tissue morphogenesis. Wnt/β-catenin signaling is
one of the most commonly activated pathways in cancer, and
several Wnt signaling-related gene mutations have been described:
adenomatous polyposis coli (APC) and protein phosphatase 2
regulatory subunit A (PPP2R1B) mutations in colorectal cancer
(3), AXIN1 mutation in hepatocarcinoma (4), and WTX gene
mutations in Wilms’ tumor (5), and β-catenin gene (CTNNB1)
itself was shown to be mutated (6–8) in the amino-terminal region
used for degradation by the GSK3β–APC–AXIN–WTX complex
(5, 9). These mutations prevent β-catenin degradation and result
in its accumulation in the nucleus, where it acts as a specific
transcriptional coactivator of the DNA-binding T-cell factor/lym-
phoid enhancer factor protein family. Among the targets of this
family are important genes involved in tumorigenesis such as MYC,
CCND1, CJUN, and FRA1 (10, 11).
MicroRNAs (miRNAs) are small noncoding RNAs that

modulate gene expression by base pairing to target messenger
RNAs (mRNAs) and by inhibiting their translation and/or pro-
moting their degradation (12). MicroRNAs play a critical role in
the normal maintenance of fundamental cellular processes, and
their deregulation in human neoplasm has been proven to affect
a large number of molecular pathways related to cancer (13–15).
Because the miR-483 locus is dysregulated in tumors involving

the β-catenin pathway (16–18), we investigated their possible
connection.

Results
miR-483-3p Expression Correlates with the Mutational Status of Wnt/
β-Catenin Genes in Hepatocarcinoma. The Wnt/β-catenin pathway
is one of the most important pathways dysregulated in hep-
atocarcinoma (HCC), colorectal cancer (CRC), and Wilms’ tu-
mor (19–21). Because we previously found that miR-483-3p,
which is located in intron 2 of the IGF2 gene, is up-regulated in
these cancers as well, we investigated the possible involvement of
Wnt/β-catenin in miR-483-3p dysregulation.

We previously found a positive coefficient of correlation (R)
between IGF2 and miR-483-3p expression in HCC (R= 0.69, P <
0.0001), CRC (R= 0.86, P < 0.0001), andWilms’ tumor (R= 0.9,
P < 0.0001) (16), suggesting that miR-483-3p transcription occurs
from the IGF2 promoter. Conversely, some tumor samples from
HCC that have a low coefficient of correlation exhibited a di-
vergent expression of IGF2 and miR-483-3p, suggesting alterna-
tive mechanisms regulating these two genes. We analyzed the
mutational status of APC, CTNNB1, and AXIN1 in 24 HCC
samples in which miR-483-3p and IGF2 expression had already
been assessed (16). With an miR-483-3p expression cutoff level of
10-fold over the average expression of the controls, we detected
an association between miR-483-3p up-regulation and the mu-
tational status of these genes (P = 0.053; Fisher’s exact test)
(Table S1), whereas no association between IGF2 expression
and the Wnt/β-catenin mutational status was found (expression
cutoff = 10, P > 0.5; Fisher’s exact test). These data suggest that
β-catenin may be involved in the regulation of miR-483-3p sepa-
rately from IGF2. To prove this point, we calculated the ratio
betweenmiR-483-3p and IGF2 expression levels (median value =
1.3) to identify samples in which they were divergent (Table S1). A
strong association between the miR-483-3p/IGF2 ratio and the
mutational status of the Wnt/β-catenin genes was observed when
the ratio is greater than 5 (P= 0.015; Fisher’s exact test). Overall,
these data strongly suggest that expression of miR-483-3p, but
not that of IGF2 is associated with the mutational status of the
Wnt/β-catenin pathway.

miR-483 Locus Is Regulated by β-Catenin. Because β-catenin is the
principal transcriptional mediator of the Wnt/β-catenin pathway,
we investigated its involvement in the regulation of the IGF2/miR-
483 locus. We cloned the coding sequence of the β-catenin gene
into the expression vector pIRES-Neo2. Then we assessed the
expression level of miR-483-3p in response to β-catenin over-
expression in HEK293 cells. A significant increase in miR-483-3p
expression was detected in cells transfected with the pIRES-
Neo2-β-catenin vector compared with cells transfected with the
empty vector (Fig. 1A). To confirm these results, we transiently
knocked down β-catenin by using short interfering RNA tech-
nology (siRNA) in HCT116 cells that exhibits a higher β-catenin
nuclear activity, and miR-483-3p expression, compared with
HEK293 cells. Quantitative real-time RT-PCR (qRT-PCR) ver-
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ified a significant reduction of miR-483-3p expression only in cells
transfected with β-catenin siRNA (Fig. S1B).
Next, we investigated the effect of β-catenin on IGF2 expression.

By qRT-PCR, we evaluated the expression of different DNA seg-
ments across the IGF2 gene locus using five sets of primers span-
ning the junctions between the IGF2 cDNA sequence and IGF2
intron 2. The only DNA segment whose transcription was induced
by β-catenin was within the second intron of IGF2 that includes
miR-483-3p (Fig. 1B). Thus, we concluded that β-catenin activates
an miR-483-3p promoter inside the second intron of IGF2.
To further confirm these results, we stabilized β-catenin protein

by treatingHEK293 cells with lithium chloride (LiCl), an inhibitor
of GSK3B which is responsible for β-catenin degradation. Fig. 1C
shows that expression of the entire IGF2/miR-483 locus was sig-
nificantly activated (three- to fivefold) by LiCl treatment. Con-
versely, treatment with β-catenin siRNA resulted in reduced
expression only of miR-483 after LiCl treatment. Taken together,
these results suggest that miR-483 locus expression can be driven
by β-catenin independently from IGF2.

Zinc Finger CCCTC-Binding Factor CTCF Represses the Genomic Region
Upstream of themiR-483 Locus. To explore the connection between
β-catenin and expression of the miR-483 locus, we cloned four
fragments of different lengths, including the putative miR-483
promoter (Fig. 2A) upstream of the luciferase gene, into the
pGL4 enhancer vector (pGL4E). Fig. 2B shows LiCl treatment
causes significant induction of luciferase activity for all fragments
except the small clone pGL4E-6907 (Fig. 2B). Thus, we inferred
that the genomic region responsive to LiCl treatment is located
between positions 6841 and 6907 of the reference sequence
(Gene Bank accession number AF517226).
Because the luciferase activity in each of these vectors with or

without LiCl treatment was always lower than the control
(pGL4E empty vector), we suspected the presence of a repressive
element within this region. Du et al. have shown that a 151-bp
fragment (called IGF2-CBI by the authors) (Fig. 2A), immediately
upstream of the miR-483 stem loop, has strong insulator activity
and binds to the CTCF repressor (22). CTCF is an important
methyl-sensitive regulator of transcription involved in the epige-
netic regulation of genomic imprinted loci such as the IGF2/H19
locus in 11p15.5, and is involved in Wilms’ tumor (23, 24), breast
cancer (25, 26), and prostate cancer (27). We decided to de-
termine whether CTCF is also involved in the repression of the
IGF2/mir-483 genomic regions we cloned. Using bioinformatics
tools (http://insulatordb.uthsc.edu), we identified two possible
CTCF binding sites (CTCF BS_1 and CTCF BS_2) (Fig. 2A). By
transfecting the pGL4 vectors with mutated versions of either
CTCF BS_2 or CTCF BS_1 to prevent CTCF binding, we ob-
served a two- or fourfold increase of the luciferase activity com-
pared with the wild-type control (Fig. 2C). Because the CTCF
repressor only binds demethylated DNA, we analyzed the meth-
ylation status of three CpG dinucleotides close to the CTCF
binding sites in a set of 14 cell lines. We found a significant
positive correlation between the methylation level of the first
CpG (CG_1; Fig. 2A) and miR-483-3p expression (R = 0.682,
P = 0.007), whereas the correlation with each of the other two
CpGs was less significant (Table S2). These data indicate that
CTCF is an important regulator of themiR-483 locus and that this
regulation is likely affected by DNA methylation.

Transcription Factor USF1 Serves as a Mediator Between β-Catenin
and the miR-483 Locus. The minimal genomic region responsive to
LiCl treatment (between nucleotides 6841 and 6907) contains an
E-box motif (CACGTG) that could bind the basic helix–loop–
helix (bHLH) protein family. Because one of these bHLH pro-
teins is the MYC transcription factor, a well-known target of the
Wnt/β-catenin pathway, it is reasonable to speculate that MYC
could be involved in the LiCl regulation of the miR-483 locus. To
test this hypothesis, we mutated pGL4E-6487 in the E-box site
and also mutated CTCF BS_1 to partially eliminate the repressive
activity of this region. After cotransfection of β-catenin and the
reporter vectors into HEK293 cells, there was a significant in-
duction of luciferase activity in the wild-type but not in the E-box
mutant clone (Fig. 2D). This confirmed the data obtained after
LiCl treatment (Fig. 2B) and identified within the E-box motif the
sequence responsive to the β-catenin/LiCl stimulation. Similar
results were obtained with the vector clone containing only 69 bp
around the E-box motif (pGL4E-6841–6910) (Fig. 2D).
Then we determined whether MYC is the β-catenin mediator

for miR-483 transcriptional activation. Because MYC is well-
expressed in HEK293 cells, we knocked down its expression using
a specific siRNA and measured the relative expression of the
precursor of miR-483 (pri-miR-483). Unexpectedly, this resulted
in an increase in the expression of pri-miR-483 (Fig. S2 A and B).
Similar results were obtained by a luciferase assay using the
pGL4E-E-box reporter vector in cells cotransfected with siRNA
for MYC. These data indicate that MYC is not responsible for

Fig. 1. Induction ofmiR-483-3p expression by β-catenin. (A) miR-483-3p was
induced by enforced expression of wild-type CTNNB1. Expression value was
related to miRNA expression on empty vector transfected cells (2−ΔΔCt). The
expression of CTNNB1 was assessed by Western blot (Upper). *P < 0.02. (B)
Expression analyses across the IGF2 locus modulated by the enforced ex-
pression of β-catenin. Three PCR products were designed to amplify IGF2
exon junctions (Ex_1/2, Ex_2/3, and Ex_3/4) and one its 3′UTR. One set of
primers was located within intron 2 and was used to assess the expression of
miR-483 precursor (intron_2). qRT-PCR was carried out with SYBR Green
technologies. RNA was previously treated with DNase to avoid genomic
contamination. Black bars indicate the expression detected in cells trans-
fected with the CTNNB1-expressing vector; white bars indicate the expres-
sion detected in cells transfected with the empty vector. (C) Expression
analysis of miR-483-3p, miR-483-5p, pri-miR-483, and IGF2 genes assayed by
qRT-PCR using TaqMan probes after LiCl treatment (20 mM for 24 h) with
and without siRNA for CTNNB1 gene. IGF2 expression was still induced, al-
though more weakly than the control. This IGF2 induction by LiCl has not
been previously described, and is not necessarily due to β-catenin because of
the large number of pathways affected by GSK3B inhibition.
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the activation of the miR-483 locus after β-catenin activation
because of its suggested repressive role on miR-483 transcription.
Because the E-box element can also bind to the upstream

stimulating transcription factor 1 (USF1), we tested this inter-
action by electrophoretic mobility shift (EMSA) and supershift
assays. USF1 is an evolutionarily well-conserved and ubiquitous
transcription factor involved in a wide number of cellular activities
such as immune response, cell cycle and proliferation, and lipid
and glucose metabolism (28). As shown in Fig. 3A, the EMSA
generates a specific band-shift pattern (complexes b–e, lane 2,
Fig. 3A) that disappears in the mutant form of the E-box element
oligonucleotide (lane 4, Fig. 3A). Moreover, by using the anti-
USF1 antibody, a supershift complex was generated (complex a,
lane 7, Fig. 3A), suggesting that USF1 recognizes the E-box ele-
ment upstream of the miR-483 locus.
To confirm this result, we cloned the coding sequence of the

USF1 gene into the pCMV-Tag vector and cotransfected it into
HEK293 cells along with pIRES-Neo β-catenin and the reporter
vector pGL4E-6841–6910 with a wild-type or mutant E box (Fig.
3B Left). USF1 overexpression was able to induce luciferase ac-
tivity (twofold) that was further increased in the presence of ex-
ogenous β-catenin (about threefold) compared with the control.
Similar results obtained by qRT-PCR for miR-483-3p showed
that miR-483-3p was weakly induced by exogenous USF1 (P =
0.05) but increased about threefold with coexpression of USF1
and CTNNB1 (P < 0.02) (Fig. 3B Center). Note that IGF2 ex-
pression was unchanged (Fig. 3B Right). To exclude a transcrip-
tional regulation of USF1 by β-catenin, we also tested that the
USF1 protein level after β-catenin enforced expression was not
changed (Fig. S3). To further confirm these results, we transiently
knocked down USF1 by siRNA in HepG2 cells that show a very
high β-catenin activity and miR-483-3p expression. qRT-PCR

verified a significant reduction of miR-483-3p expression, com-
pared with the control, after 72 h from siRNA transfection (Fig.
S4). These data suggest USF1 is an important mediator of the
regulation of the miR-483 locus driven by β-catenin.

β-Catenin and USF1 Directly Interact. To understand the interplay
between β-catenin and USF1, we tested the possibility of in-
teraction between these two proteins. We coimmunoprecipitated
from HEK293 nuclear extract lysate with either an anti-USF1
antibody or an anti-β-catenin antibody and then immunoblotted
with either anti-β-catenin or anti-USF1, respectively, and found
the two proteins coimmunoprecipitated (Fig. 3C). Because LiCl
treatment is able to induce miR-483 locus expression, we tested
the ability of β-catenin to coimmunoprecipitate with USF1 with
and without LiCl treatment. Western blot analysis revealed an
increased quantity of β-catenin immunoprecipitated with anti-
USF1 (22%) compared with the nontreated control (Fig. 3D),
where the induction of β-catenin protein level after LiCl treat-
ment was increased about 60%. Then, we demonstrated the di-
rect interaction by using the purified proteins CTNNB1-GST and
USF1-HIS in pull-down assays (Fig. 3E).

miR-483-3p Reveals a Negative Regulatory Loop by Targeting β-Catenin.
Because regulatory feedback loops between microRNAs and their
targets have been shown in numerous cases (29–31), we inves-
tigated the possibility that β-catenin and/or USF1 are targets of
miR-483-3p or -5p. By in silico analysis (http://targetscan.org), we
found that CTNNB1 is a predicted target of miR-483-3p (Fig. 4A).
We tested the direct interaction of miR-483-3p with the

CTNNB1 3′UTR by luciferase assay as described in SI Materials
and Methods. In comparison with the control vector, miR-483-3p
caused a decrease in luciferase activity of about 30% and 50% in
HEK293 and HCT116 cells, respectively, whereas in the mutated

Fig. 2. Analysis of the miR-483 minimal promoter region re-
sponsive to LiCl/CTNNB1 stimuli. (A) Genomic structure of the
IGF2/483 locus from the reference AF517226 genomic se-
quence. Exons (black bars), start (ATG_5947) and stop codons
(TGA_8745), E-box elements (gray triangle), the two predicted
CTCF binding sites (black triangle), three CpG dinucleotides
around the CTCF binding sites (black circles), and miR-483-3p
and miR-483-5p (gray boxes) are shown. The five genomic
fragments cloned upstream of the luciferase reporter gene in
pGL4E for the analysis of the promoter are indicated at the
bottom of the panel. The genomic region with insulator ac-
tivity studied by Du et al. (22) is indicated (broken line). (B)
Luciferase activity of four genomic fragments cloned in pGL4E
with and without LiCl treatment; the pGL4E empty vector was
used as control. (C) Luciferase activity of the wild-type pGL4E-
6487 (WT) and the mutated pGL4E-6487 in the predicted CTCF
binding sites (CTCF mut1 and CTCF mut2). (D) Analysis of the
wild-type E-box element (Ebox wt) and mutant (Ebox mut)
by luciferase assay of the pGL4E-6487 CTCF mut1 and
pGL4E_Ebox. Firefly luciferase activity was normalized on
Renilla luciferase activity of the cotransfected pGL4R vector.
*P < 0.02, **P > 0.02.
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3′UTR clones, luciferase activities were not perturbed by miR-
483-3p (Fig. 4B).
To further confirm β-catenin as a target of miR-483-3p, protein

level was assessed by Western blot of HEK293 and HCT116 cells
transfected with miR-483-3p. Protein expression was reduced about
20% and 50% compared with the negative control (Fig. 4C).
Moreover, in HCT116 cells that harbor a mutated β-catenin, the
cotransfection of miR-483-3p and the reporter vector pGL3-OT
revealed a functional reduction of nuclear β-catenin of ∼60% com-
pared with the controls, with or without LiCl (Fig. 4D). These data
prove that miR-483-3p can inhibit β-catenin transcriptional activity.

Mutated Form of β-Catenin Can Evade the miR-483-3p Regulatory
Loop. Our findings suggest that a negative regulatory loop be-
tween miR-483-3p and β-catenin exists. However, both genes are
overexpressed or have higher activity in tumors, suggesting that
β-catenin could escape miR-483-3p regulation. Because it has
been described that an SNP within the 3′UTR of the mRNA
target could affect the binding of the miRNA (32), we analyzed
the mutational status of the β-catenin 3′UTR in eight cell lines
(RD, MCF7, RKO, SK-NEP1, G401, A204, U2OS, and HEK293)
and 30 Wilms’ tumor samples. We found two SNPs, rs2953 and
rs4135387, which we cloned into pGL3-control and tested for their
susceptibility to miR-483-3p regulation by a luciferase assay. No

significant differences were found (Fig. S5). We also determined
that miR-483-3p was not mutated in these samples. This result led
us to speculate that mutations in the coding sequence of β-catenin
may be affecting this process. Therefore, we determined the extent
to which miR-483-3p can regulate the transcriptional activity of
either wild-type β-catenin or the activated form of β-catenin.
We cloned either the wild-type β-catenin 3′UTR or the 3′UTR

with a mutated miR-483-3p target site into two different pIRES-
Neo2 β-catenin expression vectors, one with wild-type β-catenin
and the other with mutated β-catenin (Ser45 deletion). As con-
trol, a vector with only the 3′UTR and no coding sequence was
used. The six combinations of vectors were transfected into
HEK293 cells and β-catenin nuclear activity was measured by the
pGL3-OT luciferase reporter vector after 24, 48, and 72 h. This
allowed evaluation of the two different types of negative regula-
tion of β-catenin (GSK3B-mediated degradation and miR-483-
3p-mediated translational inhibition). After transfection in
HEK293 cells, all forms of β-catenin were able to increase the
luciferase activity of the pGL3-OT at 24, 48, and 72 h compared
with the controls (Fig. 5A); however, we did not see any significant
difference between the WT/WT and WT/MUT forms (CDS/3′
UTR). This could be due to the high rate of GSK3B-mediated
β-catenin degradation, which is strong in HEK293 cells and could
hide the effect of miR-483-3p. To overcome this problem the

Fig. 3. USF1 serves as a mediator be-
tween β-catenin and the miR-483 locus.
(A) EMSA of nuclear extract (NE) from
HEK293 cells using the miR-483 E-box
probe (lanes 1–3 and 5–7) or the mutant
form (lane 4). The specific complexes are
indicated by black arrows (b–e). Lane 7
shows the supershift generated by USF1
antibody (complex a). (B) Luciferase assay
of wild-type pGL4E_E box after enforced
expression of USF1 and CTNNB1 using the
pGL4E empty vector as control (Left). The
center and right panels show the expres-
sion of miR-483-3p and IGF2 gene, re-
spectively, after enforced expression of
USF1 and CTNNB1. The miR-483-3p and
IGF2 expression values of the empty vec-
tor were the controls. The exogenous
expression of USF1 was assessed by
Western blot (Upper). *P < 0.02, **P >
0.02. (C) Nuclear extract from HEK293
cells were immunoprecipitated with ei-
ther USF1 (lanes 1–3) or CTNNB1 anti-
bodies (lanes 4–6). After being washed,
sampleswere runonanSDS/PAGEgel and
transferred to nitrocellulose. The blots
were probed with USF1 and CTNNB1
antibodies. (D) Nuclear extract from
HEK293 cells with (lanes 1 and 2) and
without (lanes 3 and 4) treatment with
LiCl (20 mM for 24 h) was immunopreci-
pitated with USF1 antibody and the blot
was probed for CTNNB1 protein. The in-
put shows an incremented quantity of
CTNNB1 after LiCl treatment (lanes 5 and
6). Vinculin protein expression was used
as loading protein control. (E) GST-
CTNNB1 and HIS-USF1 fusion proteins
were subjected to GST (lanes 1 and 2) and
HIS (lanes 3–5) pull-down analysis. Bind-
ing reaction products were washed, and
proteins were separated by SDS/PAGE.
The membrane was probed with anti-
CTNNB1, anti-USF1, and GST antibodies.
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experiment was conducted in the presence of LiCl, which resulted
in a significant increase of activity in the presence of the WT/
MUT but not the WT/WT form, suggesting that the wild-type 3′
UTR is controlled by miR-483-3p but the mutant form is not (Fig.
5 A and B Left).
On the other hand, the Ser45 mutant form of β-catenin

showed a significant difference in regulation by miR-483-3p at
the 3′UTR (MUT/WT vs. MUT/MUT) only at 24 h without LiCl
(P = 0.036). Because the mutant form is not degraded and thus
accumulates, it is reasonable that at an early time point β-catenin
protein levels are still controlled by miR-483-3p but that this
regulation is lost over time (Fig. 5B Right). Taken together, these
data support that the activating mutation of β-catenin results in
loss of regulation by miR-483-3p.

Discussion
We identified a molecular mechanism of autoregulation of
β-catenin activity through miR-483-3p, and a unique interaction
between the transcription factors USF1 and β-catenin. After
genetic analysis of HCC samples, we identified an association
between the activation of the β-catenin pathway and the over-
expression of miR-483-3p, an association that was stronger in
a subset of samples that exhibited a divergent expression between
IGF2 and miR-483-3p. This observation was supported by the
finding that the miR-483 locus could be up-regulated indepen-
dently from its host gene IGF2 by enforced overexpression of
β-catenin. These findings indicate the existence of at least two

mechanisms responsible for the expression of miR-483-3p: cor-
egulation with IGF2 and transcriptional induction by β-catenin.
The first mechanism appears to be significantly represented in
Wilms’ tumors and possibly other pediatric tumors. In these tu-
mors, the well-known overexpression and loss of imprinting of
IGF2 may be responsible for most of the miR-483 up-regulation.
Through this mechanism, both cell growth and survival can be
simultaneously stimulated by IGF2 and miR-483-3p, respectively.
The second mechanism may explain the overexpression of miR-
483-3p in adult human cancers, where its up-regulation may occur
independently from IGF2 expression.
Themediator ofmiR-483 stimulation by β-catenin was identified

as the basic helix–loop–helix upstream stimulating factor USF1.
Here we prove that it can directly interact with β-catenin and
recognize the E-box CACGTG element located 400 nucleotides
upstream of themiR-483 locus. The interaction between β-catenin

Fig. 4. β-Catenin is a target of miR-483-3p. (A) Putative binding site of miR-
483-3p in CTNNB1 3′UTRs (TargetScan database). Asterisks indicate nucleo-
tides substituted in 3′UTR miR-483-3p predicted target site to perform lu-
ciferase assay. (B) CTNNB1 3′UTRs regulate luciferase activity dependent on
miR-483-3p in HEK293 and HCT116 cell lines. MUT, mutant; WT, wild type.
(C) Western blot analysis of CTNNB1 after miR-483-3p transfection in
HEK293 and HCT116 cell lines. Cells were collected 48 h after miRNA trans-
fection. (D) Luciferase activity of the reporter vectors pOT and pOF in
HCT116 cells cotransfected with miR-483-3p and scramble oligo (NC2) with
and without LiCl treatment. *P < 0.02, **P > 0.02.

Fig. 5. Mutated form of β-catenin evades the miR-483-3p regulatory loop.
(A) Luciferase activity during the time (24, 48, and 72 h) of the reporter
vectors pOT and pOF in HEK293 cells cotransfected with the four different
CTNNB1 expression vectors (mutational status of the CDS and 3′UTR miR-
483-3p target site of CTNNB1: CDS/3′UTR) with (Right) and without LiCl
treatment (Left). As experiment controls, wild-type CTNNB1 3′UTR and
mutated mir-483-3p target were cloned in the expression vector pIRESNeo2.
E/MUT, empty/MUT; E/WT, empty/WT. (B) P values are indicated and
graphically represented.
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and another bHLH protein, MyoD, was previously described (33),
and here we describe the direct interaction between β-catenin and
USF1. USF1 is a widely expressed transcription factor that plays
a crucial role in the regulation of the cell cycle and proliferation
(34, 35) and gluco-lipidic metabolism (36, 37). Moreover, it has
been shown that USF1 also plays an important role in the main-
tenance of a chromatin barrier at the insulator elements of the
chicken β-globin gene (38).
Our discovery of a negative regulatory loop between miR-483-

3p and β-catenin generates an apparent paradox. To explain this
discrepancy, we found that the mutated form of β-catenin is able
to evade miR-483-3p regulation and the mutated protein can still
accumulate in the cell.
In addition to the β-catenin-USF1/miR-483 mechanism, in this

study we found that CTCF can also participate in the regulation
of miR-483 expression. Indeed, we confirmed data published by
Du et al. (22), who found that the region immediately upstream
of the miR-483 locus binds the multifunctional protein CTCF.
We found evidence that CTCF could play an important role in
the regulation of the miR-483 locus as a transcriptional repressor
and that repression is indirectly correlated to the methylation
status of a CpG dinucleotide in the CTCF binding site. CTCF
is a well-known regulator of imprinted regions of the genome
such as the IGF2/H19 locus, where it permits the monoallelic
expression of these two genes (39, 40) by modulating the con-
formation of this region, which (41) affects transcriptional ac-

tivity. It is also important to note that the chromosomal region
where CTCF is located (16q21) is often deleted in Wilms’ tumor
(42, 43). Our finding highlights the role of the miR-483 locus as
a point of junction among the most important players in Wilms’
tumor (IGF2 locus, Wnt/β-catenin pathway, and CTCF).
By unraveling the complex regulation of the miR-483 locus,

the present study provides insight into the Wnt/β-catenin path-
way and indicates new targets for anticancer therapy.

Materials and Methods
HEK293 and HCT116 cells were transfected using Lipofectamine 2000 (Invi-
trogen). Mutational and DNA methylation analysis was carried out using
primers indicated in Table S3. DNA constructs were cloned using primers
listed in Table S3. RNA isolation was performed using TRIzol (Invitrogen)
according to the manufacturer’s instructions and quantitative real-time re-
verse transcription–PCR using SYBR Green and TaqMan technologies (Ap-
plied Biosystems). Western blot, EMSA, immunoprecipitation, and pull-down
analyses were carried out using primary antibodies for CTNNB1 (Cell Sig-
naling; 9562), USF1 (Santa Cruz Biotechnology; sc-229), and MYC (Cell Sig-
naling; 5605). Statistical analysis results are expressed as mean ± SD and
significance was accepted at a P value <0.05. More detailed information is
provided in SI Materials and Methods.
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