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ABSTRACT
◥

The Wilms’ tumor 1 (WT1) gene is well known as a chameleon
gene. It plays a role as a tumor suppressor inWilms’ tumor but also
acts as an oncogene in other cancers. Previously, our group reported
that a canonical AUG starting site for the WT1 protein (augWT1)
acts as a tumor suppressor, whereas a CUG starting site for theWT1
protein (cugWT1) functions as an oncogene. In this study, we report
an oncogenic role of cugWT1 in the AOM/DSS-induced colon
cancer mouse model and in a urethane-induced lung cancer model
in mice lacking cugWT1. Development of chemically-induced
tumors was significantly depressed in cugWT1-deficient mice.

Moreover, glycogen synthase kinase 3b promoted phosphorylation
of cugWT1 at S64, resulting in ubiquitination and degradation of
the cugWT1 associated with the F-box�/� WD repeat-containing
protein 8. Overall, our findings suggest that inhibition of cugWT1
expression provides a potential candidate target for therapy.

Significance: These findings demonstrate that CUG-translated
WT1 plays an oncogenic role in vivo, and GSK3b-mediated phos-
phorylation of cugWT1 induces its ubiquitination and degradation
in concert with FBXW8.

Introduction
The Wilms’ tumor 1 (WT1) gene was originally discovered as a

tumor suppressor gene responsible for Wilms’ tumor, which is a
neoplasm mostly affecting children (1). In contrast, as an oncogene,
WT1 maintains the survival and metastasis of cancer cells by regu-
lating various important genes, such as cyclin D1 (2) and Bcl2 (3). The
WT1 gene is overexpressed in a wide variety of solid tumors, including
lung (4), colon (5), esophageal (6), and breast (7, 8). It is a marker of
poor prognosis and plays an important role in tumorigenesis (9). These
reports suggest that WT1 acts a chameleon gene both as a tumor
suppressor and as an oncogene (10).

WT1 protein isoforms arise from two translation initiation sites.
The sites include the canonical AUG starting site for the WT1 protein
(augWT1) and a CUG translation starting site 50 to the traditional
AUG initiation site. The CUG site produces a WT1 protein with an
additional 68 amino acids at the N terminus (cugWT1; refs. 11, 12).
However, previous WT1 functional studies did not distinguish
between augWT1 and cugWT1 and thus functional differences
between the variants are still unclear. Recently our group reported
that augWT1 (52–56 kD) plays a role as a tumor suppressor, whereas,

cugWT1 (62–68 kD) is expressed at high levels in various cancer cells
or tissues and acts as an oncogene (13).

On the basis of our reported findings showing that cugWT1, but not
augWT1, is the major form in various cancer cells, we decided to study
posttranslational modifications affecting the turnover of cugWT1.
Notably, only augWT1 has been reported to be subjected to post-
translational modifications of phosphorylation, ubiquitination, and
sumoylation (14–16). We recently discovered that cugWT1 protein
stability was increased by Akt’s phosphorylation of WT1 at S68 (We
reported phosphorylation of WT1 at S62, NP_077742.2. However
NCBI recent updated a new sequence number for cugWT1,
NP_077742.3.), which is located within the additional 73 amino acids
of cugWT1. The phosphorylation of cugWT1 (S68) causes resistance
to ubiquitination and degradation (13), but the mechanism is not fully
understood.

Glycogen synthase kinase 3b (GSK3b) is a proline-directed
serine/threonine kinase. Many transcription factors susceptible to
phosphorylation-directed degradation are GSK3b substrates that
cooperate with F-box�/� WD repeat-containing proteins (FBXW;
refs. 17, 18). Moreover, various reports indicate that GSK3b can act
as a potential therapeutic target in many types of cancers (19–21).
On the basis of these reports, we speculated that a novel phos-
phorylation site on cugWT1 could be phosphorylated by GSK3b, in
association with FBXWs proteins, to promote turnover.

In this study, we report an oncogenic role of cugWT1 in the
AOM/DSS-induced colon cancer and urethane-induced lung cancer
models. In these models, mice lacking cugWT1 were compared with
wild-type (WT) mice. Both colorectal and pulmonary cancers are one
of the most common fatal malignancies worldwide (22, 23). We
determined themechanism of cugWT1 degradation in carcinogenesis.

Materials and Methods
Reagents and antibodies

Cell culture media were obtained from Corning. Penicillin/
streptomycin and FBS were from Gemini Bio-Products. Antibodies
to detect WT1 6F-H2 (05-753/MAB4234-C) were purchased from
Millipore and Flag (F3165) was from Sigma-Aldrich. Antibodies to
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detect GAPDH (sc-32233), Bcl-2 (sc-7382), cyclin D1 (sc-246), and
EGFR (sc-373746) were obtained from Santa Cruz Biotechnology, Inc.
Antibodies against p-GSK3b Ser9 (#9336), GSK3b (#9315), WT1
D8I7F (#83535), and PCNA (#13110) were from Cell Signaling
Technology. V5 (MA5-15253) and HA-HRP (12013819001) were
from Invitrogen and Roche, respectively. The rabbit phosphor-
cugWT1 (S64/S68) antibodies were produced using a synthetic pep-
tides (Ab Frontier). The pCMV6-cugWT1 plasmid was purchased
from OriGene and the gene was recloned into the pcDNA3.1-V5
vector.

Lentiviral infection
The lentiviral expression vectors and packing vectors (pMD2.0G

and psPAX) were purchased from Open Biosystem. The sequences
were as follows: shGSK3b (#1, TRCN0000000822; 50-CCCAAATGT-
CAAACTACCAAA-30, #2, TRCN0000000823; 50-CCGATTGCGT-
TATTTCTTCTA-30, #3, TRCN0000000824; 50-CCAATGTTTCG-
TATATCTGTT-30, #4, TRCN0000039998; 50-CCACTGATTA-
TACCTCTAGTA-30). The shRNAs were purchased from University
of Minnesota Genomic Center and constructed using the protocol
shown on the Open Biosystem website.

Cell culture and transfection
All cells were purchased fromATCC. Cells were cultured at 37�C in

a 5% CO2 incubator following established ATCC protocols. Cells were
confirmed to be mycoplasma negative. Vials of each cell line were
thawed and maintained for up to 20 passages. HeLa and HEK293T
cells were grown in DMEM/10% FBS. A549 cells were cultured with
F-12K/10% FBS and MRC5 human normal lung fibroblasts were
maintained in Eagle’s Minimum Essential Medium/10% FBS. HCT15
cells was cultured in RPMI1640medium/10%FBS.When cells reached
60% to 80% confluence, transfections were performed using the
iMFectin poly DNA transfection reagent (GenDepot) according to
the manufacturer’s instructions.

Kinase assay
The GST fusion protein containing the N-terminal fragment of

cugWT1 was produced in BL21 (DE3) Escherichia coli and the
GST-C-terminal of the WT1 recombinant protein (Novus Bio-
logicals) were incubated with recombinant active GSK3b (Cell
Signaling Technology), 50 mmol/L unlabeled ATP and 10 mCi
[g-32P] ATP for 1 hour. After stopping the reaction with 6� SDS,
samples were separated by SDS-PAGE, and phosphorylation was
visualized by autoradiography.

Docking model
The GSK3b crystal structure was obtained from the Protein Data

Bank (24) and prepared under standard procedures of the Protein
Preparation Wizard (Schr€odinger Suite 2019). The structure of the
WT1 fragment (residues 34–100) was built based on multiple-
threading alignments by local meta-threading-server and iterative
threading assembly refinement (TASSER) of the protein structure
and function predictions program I-TASSER 2.0 (25). GSK3b and
WT1 protein–protein docking was performed by using 3-D Fast
Fourier Transform–based protein docking algorithm of HEX 8.00,
and we selected the best configuration to represent the binding mode.
GSK3b and cugWT1 docking was demonstrated by the protein dock-
ing server with the interactive molecular graphics program (26). The
best configuration to represent the docking model was selected for
further analysis.

LC/MS-MS analysis to identify cugWT1 phosphorylation sites
The cugWT1 was expressed with or without constitutively active

GSK3b into HEK293T cells. Cell lysates were immunoprecipitated
with anti-Flag. WT1 proteins were eluted using urea buffer (7 M urea,
2 M thiourea, 2% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate) and digested with Glu-C (Promega) for 16 hours
at 37�C. The Sciex TripleTOF TM 5600 system (ABSciex) was used to
identify cugWT1 phosphorylation sites. The raw data were processed
and searched with ProteinPilot software (version 4.5) using the
Paragon algorithm. Protein identification was obtained by searching
the UniProtKB human database, and filtered at ≥95% confidence
cut off. Peptides for phosphorylated WT1 were identified at 5% global
FDR level.

Animals and carcinogen treatment
These studies were approved by the University of Minnesota

Institutional Animal Care and Use Committee. B6.129P2-
Wt1tm1Hst/H mice were purchased from Infrafrontier. The mice
were maintained under virus- and antigen-free conditions. Mice were
genotyped by PCR analysis according to the Infrafrontier genotyping
protocol. The primer sequences were: WT1 (F) 50-GGT AAG GAG
TTC AAG GCA GC-30 and WT1 (WTR) 50-CTG CGA TCC TGC
GGA TTC T-30. Male and female mice (6–8 weeks old) were
randomly assigned to 6 groups: (i) WT-vehicle; (ii) WT-chemical; (iii)
heterozygous-vehicle; (iv) heterozygous—chemical; (v) homozygous—
vehicle; and (vi) homozygous—chemical.

Study 1: Colon carcinogenesis model
The AOM/DSS-induced model was established as described pre-

viously (27). Colon tumor growth was induced by azoxymethane
(AOM; Sigma)/dextran sodium sulfateMw40000 (DSS; BOCSciences)
AOM/DSS. Mice were injected intraperitoneally with 10 mg/kg body
weight of AOM. One week later, 3% DSS was given in the drinking
water for 1 week, followed by 2 weeks of regular water. The DSS cycle
was repeated three times. To compare tumor incidence multiplicity,
mice were euthanized after 14weeks from first AOM injection by using
CO2 (protocol ID: 1807-36161A).

Study 2: Lung carcinogenesis model
Lung tumor growth was induced by urethane (1 g/kg body weight,

once a week for 10 weeks i.p.; Sigma; ref. 28). To compare tumor
incidence multiplicity, mice were euthanized after 37 weeks from the
first urethane injection, by using CO2 (protocol ID: 1709–35106A).

Tumors macroscopically visible on the colon or lung were
counted and tissues harvested for further analysis. The tissues were
fixed in 10% formalin and embedded in paraffin blocks. Tissues
were sectioned with a microtome for subsequent hematoxylin and
eosin (H&E) staining.

Additional methods
Western blotting, qRT-PCR, immunoprecipitation, and IHC were

performed using standard techniques. Additional details are shown in
Supplementary Materials and Methods.

Statistical analysis
Data are expressed as mean values SD form three independent

experiments. Statistical analysis of data was performed using aMann–
Whitney U test or one-way ANOVA followed by Dunnett or Tukey
test to determine significant differences. A P-value <0.05 was consid-
ered statistically significant.
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Results
CUG-WT1 is critical for AOM/DSS-induced colon carcinogenesis

To determine whether the absence of cugWT1 could halt or inhibit
tumor growth or progression, we prepared WT1 WT (þ/þ), hetero-
zygous (�), and homozygous (-/-) mice and confirmed that cugWT1

expression in homozygous was depleted but did not affect augWT1
production (Supplementary Figs. S1A–S1D). First, we treated mice
with AOM/DSS (Fig. 1A), an established protocol of colon carcino-
genesis that induces mutations by the mutagenic agent AOM and
inflammation produced by DSS treatment, thus recapitulating the

Figure 1.

The cugWT1 protein is critical in the AOM/DSS-induced colon carcinogenesis model. A, Illustration of the experimental proceures used to induce colon
carcinogenesis in B6.129P2-Wt1tm1Hst/H mice. Mice were injected intraperitoneally with a single dose (10 mg/kg body weight) of AOM. One week later, 3%
DSS was administered in the drinking water for 1 week, followed by 2 weeks of regular water. The cycle of DSS treatment was repeated three times. Mouse
colons were collected at the indicated end points. B, Images of colons at necropsy. C and D, Colon length (C) and number (D) of tumors in each group. WT
(þ/þ)-vehicle-treated (n ¼ 22); WT-AOM/DSS-treated (n ¼ 17); heterozygous (�)-vehicle-treated (n ¼ 21); heterozygous-AOM/DSS-treated (n ¼ 21);
homozygous (�/�)-vehicle-treated (n¼ 22); homozygous-AOM/DSS-treated (n¼ 22). E, H&E staining of tumor morphology in colon tissue (�100). Scale bar,
100 mm. F, PCNA expression level visualized by immunoblotting. Vehicle groups (n ¼ 5 per group); AOM/DSS-treated group (n ¼ 11 per each). G, expression
levels of cyclin D1 and Bcl2, which are targets of WT1, as analyzed by immunoblotting. Vehicle groups (n ¼ 5 per each) WT-AOM/DSS-treated (n ¼ 14);
heterozygous-AOM/DSS-treated (n ¼ 20); homozygous-chemical-treated (n ¼ 22). Results are shown as mean values � SD. � , P < 0.05; �� , P < 0.01 vs. WT;
##, P < 0.01 vs. vehicle, as analyzed by one-way ANOVA with Tukey correction.

cugWT1 Regulated by GSK3b Is Critical for Tumor Progression
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traits of human colon cancer pathogenesis (29). All the AOM/DSS-
stimulated mice developed colon tumors, and we found that colon
tumorigenesis in cugWT1 knockout mice was lower than inWTmice.
We also observed an increase in colonic length with a reduction in
intestinal shrinkage due to tumor growth and decreased tumor
number (Fig. 1B–D). In addition, the histologic analysis of colon
after H&E staining showed that AOM/DSS-treated WTmice revealed
extensive chronic inflammation, with tumors characterized by atypical
epithelial cells with dysplastic nuclei. In contrast, less inflammation
and mild dysplasia of colon was observed in cugWT1-deficient mice
(Fig. 1E). A statistically significant inhibition was demonstrated in the

increase level of PCNA, which is marker for evaluating cell prolifer-
ation, induced by AOM/DSS treatment in knockout mice as found by
Western blotting (Fig. 1F). Notably the expression of cyclin D1 and
Bcl2, which are cugWT1 target genes, was detected and analyzed by
immunoblotting. Results indicated that cugWT1 deficient mice
showed lower levels of these proteins compared with WT mice
(Fig. 1G). Although the AOM/DSS-treated mice showed weight loss
with severe diarrhea compared with untreated mice, no difference was
observed between each genotyped group (Supplementary Fig. S1E). In
contrast, the survival rate of the cugWT1 knockout AOM/DSS-treated
group tended to be longer compared with the WT group

Figure 2.

The cugWT1 protein is critical for urethane-induced lung carcinogenesis. A, Experimental procedures used to induce lung carcinogenesis in B6.129P2-Wt1tm1Hst/H
mice. Mice were injected intraperitoneally with urethane (1 g/kg body weight) once a week for 10 weeks. Mouse lungs were collected at the indicated end point. B,
Images of lungs at necropsy. Arrows, tumor.C,Number of tumors in each group.WT (þ/þ)-urethane-treated (n¼ 16); heterozygous (�)-urethane-treated (n¼ 24);
homozygous (�/�)-urethane-treated (n ¼ 24). D, Kaplan–Meier survival curves (� , P < 0.05 by log-rank test). E, H&E staining of tumor morphology in lung tissue.
Scale bar, 100 mm. F, PCNA expression level as assessed by immunoblotting. Vehicle groups (n ¼ 5 per group); urethane-treated groups (n ¼ 16 per group). G,
Immunoblotting for cyclin D1 and Bcl2, which are targets of WT1 expression level. Vehicle groups (n ¼ 5 per group); urethane-treated groups (n ¼ 10 per group).
Results are shown as mean values � SD. � , P < 0.05; �� , P < 0.01 vs. WT; ##, P < 0.01 vs. vehicle, as analyzed by one-way ANOVA with Tukey’s correction.
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(Supplementary Fig. S1G). Overall, these results demonstrated that
cugWT1 promotes tumor development and progression in AOM/
DSS-induced colon carcinogenesis.

CUG-WT1 is critical for urethane-induced lung carcinogenesis
To further study cugWT1’s role in carcinogenesis, we used a

urethane-induced lung carcinogenesis model comparing the mice
with WT or cugWT1-depleted mice. Urethane is well known as
chemical carcinogen used to induce lung cancer as a model for human
lung adenocarcinoma (30). We treated mice with urethane (Fig. 2A).
The results indicated that lung tumors occurrence was dramatically
decreased in cugWT1-deficient mice compared with WT at 37 weeks
after starting urethane administration (Fig. 2B and C). Moreover,
Kaplan–Meier survival curves revealed that the survival rate of the
cugWT1 knockout urethane-treated group was significantly greater
compared with the WT group (Fig. 2D). In addition, histologic and
immunoblotting analysis showed that cugWT1-deficientmice reduced
tumor formation and exhibited lower expression of PCNA and cyclin
D1 compared withWTmice (Fig. 2E–G). Notably, cugWT1-deficient
mice exhibited expression levels of Bcl2 regardless of whether treated
or not treated with urethane (Fig. 2G). Body weight was not different
between each groups (Supplementary Fig. S1F). Collectively, these
results indicated that inhibition of cugWT1 suppressed tumor devel-
opment and progression in urethane-induced lung carcinogenesis and
agreed with the results of the colon carcinogenesis study.

CUG-WT1 phosphorylation of S64 stimulates its turnover and
inhibits cell proliferation

In a previous study, we found that phosphorylation of cugWT1 at
serine 68 protected cugWT1 from proteasomal degradation (13). To
explore additional cugWT1 phosphorylation sites that might be
associated with its degradation, we searched for phosphorylation sites
within the 73 aa region and focused on S64 (Fig. 3A). We then

determined whether mutation of this phosphorylation site would alter
the half-life of cugWT1 proteins in HeLa cells by using cycloheximide
chase assay. Results (Fig. 3B) indicated that the phosphor-mimetic
mutation (S64E) appeared to induce more rapid turnover of cugWT1
compared with WT. The cugWT1 protein has previously been dem-
onstrated to be ubiquitinated in cells, which promoted its degradation
and shortened half-life (13). Thus, we examined the ubiquitination
level in the active mutant forms of cugWT1. Results indicated that the
S64E mutants had increased ubiquitination compared with WT
cugWT1 (Fig. 3C). To investigate the contribution of S64 phosphor-
ylation to cugWT1 activity, we measured proliferation in MRC5
normal cells. MRC5 is ideal for WT and S64 mutant cugWT1
transfections because of the absence of endogenous cugWT1. The
data showed that the cugWT1-S64E-transfected cells exhibited
reduced growth compared with WT (Fig. 3D). These data supported
the idea that phosphorylation of cugWT1 S64 stimulates its turnover
and inhibits cell proliferation. However, we also found that cugWT1
S64 is less active compared with cugWT1 S68 in lung and colon cancer
cells or tissues (Supplementary Figs. S2A and S2B).

CUG-WT1 is phosphorylated on S64 by GSK3b
In a search for potential kinases that can phosphorylate cugWT1

S64, we screened candidates by using a kinase substrate motif and
found that cugWT1 S64 might be a GSK3b target site (31). To
determine whether GSK3b phosphrylates cugWT1 S64, we performed
kinase assays with active GSK3b and GST-WT1N-terminal (1–73 aa),
N-terminal S64A, or C-terminal (74–519 aa, augWT1). We detected
phosphorylation in the WT1 N-terminal; however, no phosphoryla-
tion was observed in the N-terminal S64A or C-terminal (Fig. 4A). To
confirm the phosphorylation in cells, we transfected cugWT1 and
GSK3b into 293T cells and analyzed phosphopeptides of cugWT1 by
using mass spectrometry (Fig. 4B). Next, to further confirm that
cugWT1 S64 phosphorylation occurs in cells, we transfectedHeLa cells

Figure 3.

The cugWT1 protein’s phosphorylation at S64 stimulates its turnover and inhibits cell proliferation.A, Sequence of the putative relationshipwith cugWT1 degradation
of phosphorylation sites in humans andmice.We focused on S64.B,Cycloheximide (CHX) chase to detect turnover of cugWT1 proteins. HeLa cells transfectedwith a
V5-cugWT1 wt or active mutant (S64E) plasmid were treated with cycloheximide (20 mg/mL) to prevent further protein synthesis. Whole cells were harvested and
prepared at 0, 3, and 6 hours after cycloheximide treatment and subjected to Western blotting. GAPDH was used as a loading control. C, Ubiquitination of cugWT1.
HeLa cells were transfected with a V5-cugWT1 or S64E plasmid along with HA-Ub and then treated with MG132 (10 mmol/L) for 6 hours. V5- or HA-tagged proteins
were immunoprecipitated with anti-V5. Ubiquitinated cugWT1 proteins were visualized with anti-HA. D, MRC5 cells expressing cugWT1 wt or S64E were plated
at equal concentrations. Cell proliferation was monitored for 6 days using a live-cell imaging system (IncuCyte; Essen BioScience). Endogenous phosphorylated
cugWT1 (S64) was detected by Western blotting. Results are shown as mean values � SD. � , P < 0.05 by Mann-Whitney U test; n ¼ 3.
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with cugWT1 WT or S64A and GSK3b (S9A). An increase in
phosphorylation of WT cugWT1 was observed in GSK3b (S9A)
overexpressing cells; however, this effect disappeared in cugWT1
S64A-transfected cells (Fig. 4C).We next determined whether GSK3b
was the dominant kinase for this site in HeLa cells by using shRNA
depletion followed by examination of S64 phosphorylation (Fig. 4D).
To explore whether cugWT1 interacts with GSK3b, immunoprecip-
itation was performed using extracts of HeLa cells overexpressing
V5-cugWT1 and HA- GSK3b. We successfully coprecipitated
cugWT1/GSK3b complexes by using either epitope (V5 or HA) tags
(Fig. 4E). Importantly, we could show IP of basal endogenous cugWT1
andGSK3b present in A549 cells (Fig. 4F). A dockingmodel suggested
that GSK3b would mainly bind to the N-terminal of cugWT1. In
addition, the cugWT1 S64 site is close to the ATP binding pocket
(Fig. 4G). Overall, these results support the idea that GSK3b binds
cugWT1 and phosphorylates S64.

CUG-WT1 expression is mediated by GSK3b
Notably, we found that GSK3b phosphorylates cugWT1 S64 and

phosphorylation of cugWT1 S64 increased its degradation. Therefore,
we next assessed the effects of GSK3b mediation on the estimated
expression of cugWT1 proteins. The results showed that treatment
with LiCl, the most common GSK3b inhibitor (32), or knockdown of
GSK3b increased cugWT1 expression (Fig. 5A and B). In contrast,
treatment with LY294002, a GSK3b indirect activator, or overexpres-
sion of GSK3b decreased cugWT1 protein levels (Fig. 5C and D). In
addition, we confirmed that cugWT1 expression with GSK3b over-
expression in HCT15 (colon) and A549 (lung) cancer cells reduced
cugWT1 protein levels; and EGFR, cyclin D1, and Bcl2 expression
was also decreased (Fig. 5E). These proteins are known to be
critical oncogenic drivers and are associated with high cell
proliferation (33–35). Suppression of cell proliferation by transfection
of GSK3b was also observed in those cells (Fig. 5F).

Figure 4.

The cugWT1 protein is phosphorylated at S64 by GSK3b.A, Top, structures of glutathione S transferase (GST)-WT1-N, the N-terminal (73 aa) of cugWT1 or GST-WT1-
C, and the remaining portion of cugWT1 that falls into augWT1 are shown. The GST-WT1 fragments were incubated with active GSK3b and 10 mCi [g-32P] of ATP for
1 hour. Bottom, WT1 phosphorylation was visualized by autoradiography. B, The cugWT1 protein was coexpressed with constitutively active GSK3b into HEK293T
cells. Cell lysates were immunoprecipitated with anti-Flag and analyzed by mass spectrometry to identify the cugWT1 phosphorylation sites. C, Lysates from HeLa
cells expressing V5-cugWT1 wt or inactive mutant (S64A) together with HA-GSK3b (S9A) were analyzed for cugWT1 S64 phosphorylation by Western blotting.
D, HeLa cells were treated with shRNAs to deplete GSK3b for 24 hours prior to transfection with cugWT1 wt or the S64A mutant. Cell lysates were analyzed for
cugWT1 S64 phosphorylation by Western blotting using a phosphor-WT1 (S64) antibody. E, Extracts from HeLa cells transfected with V5-cugWT1 and HA-GSK3b
(S9A)were immunoprecipitatedwith anti-V5.Western blotting revealed coprecipitatedHA-GSK3b (S9A) or V5-cugWT1.F,Extracts fromA549 cellswere pretreated
with MG132 (10 mmol/L) for 4 hours and immunoprecipitated with IgG, anti-GSK3b, or anti-WT1 (D8I7F) antibodies to reveal endogenous complexes.G,Modeling of
GSK3b binding with WT1. GSK3b and WT1 are colored blue and red, respectively.
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CUG-WT1 turnover and cell proliferation mediated by GSK3b is
dependent on phosphorylation of S64

Phosphorylation by GSK3b is known to impact the ubiquitination
and degradation of some of its substrates (17). On the basis of our
previous results, we hypothesized that GSK3bmight mediate cugWT1
turnover and cell proliferation through its phosphorylation ofWT1 on
S64. Thus, we comparedWT1 stability between cugWT1 wt and S64A
mutant proteins in HeLa with or without GSK3b expression by using
cycloheximide chase assays. Results showed that GSK3b stimulates
cugWT1 turnover in cells transfected with cugWT1 wt; however, this
effect disappeared in S64A inactivating mutant cells (Fig. 6A). In
addition, cugWT1 ubiquitination increased in cells cotransfected with
wt and GSK3b, but not with S64A and GSK3b (Fig. 6B). MRC5 cells
coexpressing with cugWT1 wt and GSK3b exhibited decreased pro-
liferation, and EGFR and Bcl2 mRNA levels. However, this effect
disappeared in the S64A inactivating mutant cells (Fig. 6C and D).
These results suggested that GSK3b promotes cugWT1 turnover and
inhibites cell proliferation through its phosphorylation ofWT1 on S64.

CUG-WT1 turnover associated with FBXW8 is dependent on
phosphorylation of S64

Many GSK3b substrats are targeted for phosphorylation-mediated
degradation in concert with E3 ubiquitination ligase. FBXWs are a
family of E3 ligases, and we tested the interaction of cugWT1 with
various isoforms of FBXWs. We found that FBXW4, FBXW5, and
FBXW8 could bind to cugWT1 (Fig. 7A). Further, cugWT1 S64A
decreased the interaction with FBXW8, but had no effect with
the interaction with FBXW4 or FBXW5 was observed (Fig. 7B).
Previously, we reported that FBXW8 induced ubiquitination of
cugWT1 and in this additional study we showed that ubiquitination
of the WT1 S64A mutant was not affected (Fig. 7C). Moreover, WT1
stability was increased by FBXW8 in the S64A inactive mutant. In
contrast, WT1 stability was decreased by FBXW8 in the S64E active
mutation (Fig. 7D). However no difference between wt and mutant
cugWT1 with FBXW4 and FBXW5 was observed (Supplementary
Fig. S3). Collectively, these data demonstrated that FBXW8 induced
cugWT1 turnover when it was phosphorylated on S64.

Figure 5.

The cugWT1 protein expression is regulated byGSK3b.A,A549 cellswere treatedwith LiCl as aGSK3b inhibitor for 0and 12 hours. Cell extractswere used forWestern
blotting todetectWT1 (6F-H2) andphosphor-GSK3b (S9) expression.B,HeLa cellswere treated for 24hourswith shRNAs todepleteGSK3b. Cell lysateswere used to
detect WT1 (6F-H2) by Western blotting. C, A549 cells were treated for 24 hours with LY294002 (10 mmol/L) as a GSK3b activator. Cell extracts were used for
Western blotting to detect WT1 (6F-H2) expression. D, A cycloheximide (CHX) chase assay was used to detect turnover of cugWT1 proteins. HeLa cells were
transfected with V5-cugWT1 wt with or without HA-GSK3b (S9A) and then treated with cycloheximide (20 mg/mL) to prevent further protein synthesis. Whole cell
lysates were harvested and prepared at 0, 3, and 6 hours after cycloheximide treatment and protein visualized by Western blotting. E, HCT15 and A549 cells were
transfectedwithHA-GSK3b (S9A) andWT1 expression level was confirmed andEGFR, cyclin D1 andBcl2, which are targets ofWT1, expressionwas assessed. F,HCT15
and A549 cells expressing GSK3b (S9A) were plated at equal concentrations. Cell proliferation was monitored for 4 days using a live-cell imaging system (IncuCyte;
Essen BioScience). Results are shown as mean values � SD. � , P < 0.05; �� , P < 0.01 by Mann-Whitney U test; n ¼ 3.
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Discussion
In this study, we report an oncogenic role for CUG-translatedWT1

(cugWT1) in two chemically induced cancer models in mice that are
deficient in cugWT1. Results indicate that cugWT1 might be a
potential target for cancer therapy and prevention.

WT1 is well-known as a chameleon gene, acting both as a tumor
suppressor and an oncogene under different but unclear conditions.
WT1 protein isoforms arise from canonical AUG-translated WT1
(augWT1) and CUG-translated WT1 (cugWT1; ref. 11). Recent
ribosome profiling studies suggest that many translation initiation

sites utilize non-AUG initiation codons (e.g., CUG, GUG), which are
one nucleotide different from AUG (36, 37). If one or more non-AUG
initiation codons are located upstream of the AUG initiation codon,
the transcript can encode multiple protein isoforms that start with an
alternative non-AUG initiation codon or a novel protein (38, 39). This
alternative initiation has been observed in PTEN,HCK, and c-Myc and
can generate isoforms with alternative localization properties and
N-terminal extensions with modified activity (40–42). In the case of
the oncogene c-Myc, the two isoforms have altered DNA-binding
capacity, and the ratio of their expression levels regulates their
activity (41). Our group has clearly shown that cugWT1 is

Figure 6.

The cugWT1 protein turnover and cell proliferation induced by GSK3b depend on phosphorylation ofWT1 at S64.A,A cycloheximide (CHX) chase assaywas used to
detect turnover of cugWT1 proteins. HeLa cells were transfected with V5-cugWT1 wt or S64A with or without HA-GSK3b (S9A) and then were treated with
cycloheximide (20 mg/mL) to prevent further protein synthesis. Whole cell lysates were harvested and prepared at 0, 3, and 6 hours after cycloheximide treatment
and proteins visualized byWestern blotting. B, Ubiquitination of cugWT1. HeLa cells were transfected with V5-cugWT1 wt or S64Awith or without HA-GSK3b (S9A)
and Flag-Ub and were treated with MG132 (10 mmol/L) for 6 hours. V5-, HA-, or Flag-tagged proteins were immunoprecipitated with anti-V5. Ubiquitinated cugWT1
proteins were visualized by Western blotting with anti-Flag. C, MRC5 cells expressing cugWT1 wt or S64A with or without HA-GSK3b (S9A) were plated at equal
concentrations. Cell proliferation was monitored for 6 days using a live-cell imaging system (IncuCyte; Essen BioScience). D, EGFR and Bcl2 mRNA levels were
detected by using quantitative real-time RT-PCR. Results are shown as mean values� SD. � , P < 0.05 and �� , P < 0.01, vs. without GSK3b (S9A) by one-way ANOVA
with Tukey correction, n ¼ 3.
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overexpressed in various types of cancer cells, including lung and
colon, and provided strong evidence showing that cugWT1 acts as an
oncogene, whereas, augWT1 functions as a tumor suppressor (13). In
addition, cugWT1 is also highly expressed in human cancer tissues. In
this study, we aimed to expand on the functional importance of
cugWT1. We used two different chemically-induced tumor mouse
models: (i) a colitis-associated colorectal cancer induced byAOM/DSS
and (ii) a non–small cell lung tumor model induced by urethane. Both
models usedWTand cugWT1 deficientmice. The knockoutmicewere
produced as previously reported by introducing a translation stop
signal downstream of the CUG initiator (12). The cugWT1 protein is
absent in this mutant mouse but the translation from the AUG start
codon was not affected (43). The lack of cugWT1 was confirmed in
mutant embryos and cancer tissues (Supplementary Figs. S1B, S1C,
and S1F). Our results showed that the development of chemically-
induced tumors was dramatically depressed in cugWT1-mutant

mice. In addition, the findings also revealed decreased expression of
cyclin D1 and Bcl2 in mutant mice, which supported an oncogenic
role of cugWT1 in vivo (Figs. 1 and 2). However, why WT1 has
different translation processes like augWT1 and cugWT1, and why
tumor cells undergo such selective translation processes, remains
unclear.

We also found that GSK3b promotes cugWT1 phosphorylation at
S64, resulting in ubiquitination and degradation of cugWT1 in concert
with FBXW8 (Fig. 7E).

The cugWT1protein contains potential phosphorylation sites locat-
ed within the extra amino-acid sequence of the N-terminal extension,
which is not present in the shorter augWT1 (43). Our group first
discovered that phosphorylation of cugWT1 at S68 results in resistance
to ubiquitination, resulting in reduced degradation (13). In this study,
we found that phosphorylation of cugWT1 on S64 stimulated its
turnover and inhibited cell proliferation (Fig. 3).

Figure 7.

The cugWT1 protein turnover induced by FBXW8depends onphosphorylation of S64.A, extracts fromHeLa cellswere transfectedwith V5-cugWT1 andFlag-FBXWs
(FBXW2, FBXW4, FBXW5, FBXW7, and FBXW8) and were immunoprecipitated with anti-V5. Western blots revealed coprecipitated V5-cugWT1or Flag-FBXWs. B,
Extracts from HeLa cells transfected with V5-cugWT1 or S64A and Flag-FBXWs (FBXW4, FBXW5, and FBXW8) were immunoprecipitated with anti-V5. Western
blotting revealed coprecipitated V5-cugWT1or Flag-FBXWs. C, Ubiquitination of cugWT1. HeLa cells were transfected with V5-cugWT1 or S64A with Flag-FBXWs
(FBXW5 or FBXW8) and HA-Ub were treated with MG132 (10 mmol/L) for 6 hours. V5-, HA-, and Flag-tagged proteins were immunoprecipitated with anti-V5.
Ubiquitinated cugWT1 proteins were visualized with anti-HA. D, A cycloheximide chase assay was used to detect turnover of cugWT1 proteins. HeLa cells were
transfected with V5-cugWT1 wt or mutants (S64A, S64E) together with Flag-FBXW8 and were treated with cycloheximide (20 mg/mL) to prevent further protein
synthesis. Whole cell lysates were harvested and prepared at 0, 3, and 6 hours after cycloheximide treatment and visualized by Western blotting. E, Schematic
summarizing the mechanism cugWT1 degradation.
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GSK3b is a proline-directed serine/threonine kinase and the
most common target for phosphorylation by GSK3b is the
sequence, S/T-X-X-X-S/T(P). GSK3b phosphorylates proteins at
sites in their serine/threonine N-terminal (44) and in this case, it
phosphorylates the cugWT1 at S64RGAS68 in its N-terminal.
Furthermore, results of a kinase assay, LC/MS-MS, and GSK3b
overexpression or knockout clearly showed that GSK3b binds to
and phosphorylates cugWT1 on S64 (Fig. 4). GSK3b mediates
cellular metabolism and gene expression (45) and also cell survival
by phosphorylating pro-proliferative factors for degradation.
C-Myc is an example of proteins with short half-lives that are
phosphorylated by GSK3b, resulting in ubiquitination and degra-
dation through the proteasome degradation pathway (46). Simi-
larly, cugWT1 is a target of GSK3b and its expression is controlled
by GSK3b. As a transcription factor, WT1 preserves the survival of
cancer cells through its modulation of several important genes
associated with proliferation. For example, WT1 increases the
expression of EGFR (13), cyclin D1 (2), and Bcl2 (3), and therefore,
inhibiting WT1 should at least indirectly mediate these genes.
Consistent with these reports, we found that phosphorylation by
GSK3b decreased the expression of cugWT1 followed by the
downregulation of EGFR, cyclin D1 and Bcl2 expression levels in
HCT15 and A549 cancer cells (Fig. 5). Crosstalk between phos-
phorylation and the ubiquitin machinery is important for regu-
lating protein activity, stability, and interactions (47, 48). Our
results using an inactive mutant cugWT1- S64A indicated that
GSK3b promotes cugWT1 turnover through its phosphorylation
on S64 (Fig. 6).

Ubiquitin is conjugated to target proteins through theE1 (ubiquitin-
activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3
(ubiquitin ligase) activities (49). The F-box/WD repeat-containing
proteins (FBXW) constitute one of the subunits of ubiquitin-protein
ligase (E3) complexes, which function in phosphorylation-dependent
ubiquitination. The FBXWs also comprise one of the four subunits of
the ubiquitin ligase complex, SCFs (SKP1-cullin-F-box), which func-
tion in phosphorylation-dependent ubiquitination. Our results
showed that only FBXW8 recognized the cugWT1 protein phosphor-
ylation S64 (Fig. 7), suggesting that GSK3b cooperates with FBXW8
for phosphorylation-mediated degradation.

In cancer cells or tissues, whereas strong Akt activity was
observed, we detected very little active GSK3b probably because

GSK3b is phosphorylated on Ser9 by Akt, resulting in its inacti-
vation. Consistent with our data, WT1 S64 is less active than WT1
S68 in cancer cells or tissues (Supplementary Figs. S2A and S2B).
Thus, development of GSK3b activators that target cancer cells
resulting in inhibition of oncogenic cugWT1 might offer a logical
strategy for chemoprevention or treatment. Importantly, GSK3b
would target cugWT1, but not augWT1, because S64 is only
present in cugWT1. However, questions about the specificity of
GSK3b still remain unanswered. No other known protains appear
to be responsible for S64 phosphorylation, but will be a topic for
future studies.

In conclusion, our studies demonstrated an oncogenic role of
CUG-translated WT1 (cugWT1) in vivo. Inhibition of cugWT1
expression provides a potential candidate target for therapy.Moreover,
we reported that GSK3b promotes cugWT1 phosphorylation at S64,
resulting in ubiquitination and degradation of cugWT1 in concert with
FBXW8. This novelmechanism for forcing turnover of cugWT1might
be used for new treatment.
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