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Wnt-induced deubiquitination FoxM1 ensures
nucleus b-catenin transactivation
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Abstract

A key step of Wnt signaling activation is the recruitment of
b-catenin to the Wnt target-gene promoter in the nucleus, but its
mechanisms are largely unknown. Here, we identified FoxM1 as a
novel target of Wnt signaling, which is essential for b-catenin/TCF4
transactivation. GSK3 phosphorylates FoxM1 on serine 474 which
induces FoxM1 ubiquitination mediated by FBXW7. Wnt signaling
activation inhibits FoxM1 phosphorylation by GSK3–Axin complex
and leads to interaction between FoxM1 and deubiquitinating
enzyme USP5, thereby deubiquitination and stabilization of FoxM1.
FoxM1 accumulation in the nucleus promotes recruitment of
b-catenin to Wnt target-gene promoter and activates the Wnt
signaling pathway by protecting the b-catenin/TCF4 complex from
ICAT inhibition. Subsequently, the USP5–FoxM1 axis abolishes the
inhibitory effect of ICAT and is required for Wnt-mediated tumor
cell proliferation. Therefore, Wnt-induced deubiquitination of
FoxM1 represents a novel and critical mechanism for controlling
canonical Wnt signaling and cell proliferation.
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Introduction

The canonical Wnt/b-catenin signaling pathway is transduced

through Wnt receptors of the Frizzled family and stabilizes

b-catenin, which enters the nucleus and forms a complex with

TCF4/LEF-1 transcription factors (Behrens et al, 1996; Bhanot et al,

1996; Molenaar et al, 1996; Liu et al, 1999). Activation of TCF4/

LEF-1 by binding to b-catenin induces the transcription of various

target genes, including c-Myc and cyclin D1 (He et al, 1998; Shtutman

et al, 1999; Tetsu & McCormick, 1999). The pathway is also persis-

tently activated in many types of tumors and critically regulates

tumor growth, invasion, and angiogenesis (Weeraratna et al, 2002;

Clevers, 2006; Anastas & Moon, 2013). Unlike colorectal cancer, in

which constitutive activation of b-catenin is due to inactivation of

the tumor suppressor APC or mutations in b-catenin, many sporadic

tumors have no such mutations (Morin et al, 1997; Paraf et al,

1997; Bafico et al, 2004). Therefore, it is important to elucidate

whether aberration in other components of the Wnt signaling path-

way causes the activation of b-catenin/TCF4-mediated transcription

in such tumors, including glioma.

We recently found that FoxM1 is a novel component of Wnt

signaling (Zhang et al, 2011). FoxM1 is a member of the forkhead

box (Fox) transcription factor family. Growing evidence indicates

that FoxM1 plays important roles in mammal development and

human tumorigenesis (Kalin et al, 2011; Raychaudhuri & Park,

2011). FoxM1 is a key cell cycle regulator of both the transition from

G1 to S phase and progression to mitosis (Ye et al, 1997; Korver

et al, 1998). FoxM1 is substantially elevated in most human tumors

and contributes to oncogenesis in many tissue types, including liver,

prostate, brain, breast, lung, colon, and pancreatic tumors (Kalin

et al, 2011; Raychaudhuri & Park, 2011; Gong & Huang, 2012). Our

recent studies also showed that expression of FoxM1 in high-grade

glioma is significantly higher than that in low-grade glioma and that

FoxM1 expression contributes to the growth of glioma, as well as

pancreatic, colon, and breast cancer cells by promoting uncontrolled

cell proliferation, invasion, and angiogenesis (Liu et al, 2006; Zhang

et al, 2008; Li et al, 2013; Xue et al, 2014). Moreover, we showed

that FoxM1 critically regulates stemness and tumorigenicity of

glioma stem cells (Zhang et al, 2011).

Although FoxM1 is commonly overexpressed in most human

tumors, the molecular mechanisms for its overexpression remain

unknown. Furthermore, it is well known that protein degradation

can be regulated through both E3 ubiquitin ligases and deubiquiti-

nases (DUBs). However, although a E3 ubiquitin ligase, APC/C-

Cdh1, which regulates FoxM1 has been reported (Laoukili et al,

2008; Park et al, 2008), the role of DUB in FoxM1 protein stability

has been virtually unexplored.

The Wnt signaling pathway is one of the major signaling

pathways in stem cells and cancer cells. Aberrant activation of the
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Wnt/b-catenin pathway is widespread in human cancers. A crucial

but unclear step of Wnt/b-catenin pathway activation is the assem-

bly of a b-catenin/TCF transcription activation complex to the

promoter of Wnt target gene. b-Catenin contains 12 armadillo

repeats to form a superhelix that features a positively charged

groove that can serve as a binding surface for its many partners,

such as TCF4, FoxM1, and inhibitor of b-catenin and TCF4 (ICAT)

(Huber et al, 1997; Tutter et al, 2001; Daniels & Weis, 2002;

Graham et al, 2002). TCF4 binds to armadillo repeats 3–9 of

b-catenin to form b-catenin/TCF transcription activation complex

(Daniels & Weis, 2002).

In contrast, ICAT is a newly identified physiological Wnt inhi-

bitor that prevents the binding of TCF4 to b-catenin and thus the

assembly of a b-catenin/TCF transcription activation complex. ICAT

contains an N-terminal helical domain that binds to repeats 11 and

12 of b-catenin, and an extended C-terminal region that binds to

repeats 5–10 in a manner similar to that of TCF4 (Daniels & Weis,

2002; Graham et al, 2002). Therefore, full-length ICAT dissociates

complexes of b-catenin and TCF4, thus inhibiting the Wnt/b-catenin
pathway (Daniels & Weis, 2002; Graham et al, 2002).

In this study, we examined whether aberration of FoxM1 and/or

ICAT is an important molecular mechanism for the activation of

Wnt/b-catenin signaling in glioma cells. Our data revealed that

FoxM1 is a novel downstream target of Wnt signaling and that USP5

is the first deubiquitylase that regulates FoxM1 deubiquitination and

protein stabilization induced by Wnt activation. Wnt activation

increased FoxM1 protein stabilization and thus nuclear accumula-

tion. Nuclear FoxM1 then directly interacted with nuclear b-catenin,
which released b-catenin from ICAT and enhanced recruitment of

b-catenin to the promoter of Wnt target gene, hence increasing the

expression of Wnt target gene. Furthermore, USP5 increased

Wnt-mediated cell proliferation through FoxM1, which abrogated

the inhibitory effect of ICAT. In human glioma tissues, high levels of

FoxM1 and cyclin D1 are associated with high levels of USP5. There-

fore, our study provides a novel mechanism for Wnt magnification

of its own signaling activation.

Results

Wnt activation increases the stability of FoxM1 protein

Recently, we reported that Wnt activation increased the expression

level of FoxM1 (Zhang et al, 2011). To determine whether Wnt

regulates FoxM1 protein stability, we first treated glioma cell lines

LN229 and U87 with Wnt-3a at various doses (0–100 ng/ml) for

6 h. Wnt-3a treatments increased the levels of b-catenin (Fig 1A),

indicating that Wnt signaling had been activated. The FoxM1

expression level was also increased by Wnt treatments in a dose-

dependent manner in both cell lines (Fig 1A). Moreover, Wnt-3a

treatment increased the half-life of FoxM1, measured by a pulse–

chase assay (Fig 1B). However, Wnt-3a treatment for 6 h did not

increase the mRNA level of FoxM1 in the U87 cells (Appendix Fig

S1A), which excludes that FoxM1 transcription is regulated by

Wnt-3a in the 6-h time frame. Furthermore, we determined the

effect of inhibition of endogenous Wnt signaling on FoxM1 expres-

sion with use of a broadly efficacious Wnt antagonist, DKK1 (Glinka

et al, 1998). DKK1 increased FoxM1 degradation compared with the

control in both LN229 and U87 cells (Fig 1C). The above results

indicated that activation of Wnt signaling increases the protein

stability of FoxM1.

GSK3 kinase regulates the degradation of FoxM1 protein

Since inhibition of GSK3-mediated b-catenin degradation is a key

process in canonical Wnt signaling (Clevers, 2006; Kim et al, 2013),

we explored whether GSK3 also mediates FoxM1 degradation. We

first treated LN229 cells with a GSK3 inhibitor, LiCl, along with a

protein synthesis inhibitor, cycloheximide. LiCl stabilized FoxM1

protein in the presence of CHX (Fig 1D).

To confirm that GSK3 regulates FoxM1 stability, the protein

degradation of endogenous FoxM1 was measured in GSK3 wild-type

(GSK3a+/+;GSK3b+/+) and knockout (GSK3a�/�;GSK3b�/�) mouse

embryonic stem cells. The levels of FoxM1 in GSK3a�/�;GSK3b�/�

cells were increased compared with those in GSK3a+/+;GSK3b+/+

cells; also, the FoxM1 underwent degradation with time in

GSK3a+/+;GSK3b+/+cells but was quite stable in GSK3a�/�;
GSK3b�/� cells (Fig 1E). Furthermore, to determine whether GSK3

kinase activity impacts FoxM1 protein stability, FoxM1 protein

degradation was analyzed in 293T cells transfected with GSK3b-CA
(constitutively active) or GSK3b-KD (kinase-inactive) plasmid.

FoxM1 protein degradation was inhibited by GSK3b-KD but not by

GSK3b-CA transfection in the cells (Fig 1F). The above results indi-

cated that GSK3 kinase activation increases the degradation of

FoxM1 protein.

GSK3 phosphorylates FoxM1 protein at the S474 site, which
promotes ubiquitination of FoxM1

To understand the mechanisms responsible for the regulation of

FoxM1 protein expression by the Wnt pathway through inhibition

of GSK3, we determined whether GSK3 interacts with and phospho-

rylates FoxM1 protein. We constructed deletion mutants of Flag-

tagged FoxM1 (Fig 2A). Subsequently, with use of the Flag-tagged

FoxM1 full-length or deletion mutant proteins (Fig 2B) in 293T cells

by co-IP assay, we found that full-length and C-terminal of FoxM1

interact with endogenous GSK3 (Fig 2B).

We then sought to determine whether FoxM1 protein contains

consensus sequence for GSK3 substrates by using the GSK3

substrates consensus sequence S/T–X–X–X-S/T, in which the first

S (serine) or T (threonine) is the target residue (Cohen & Frame,

2001; Doble & Woodgett, 2003). Analysis of the FoxM1 coding

sequence identifies three motifs that resemble the GSK target

sequence: S228-XXX-S232, T309-XXX-S313, and S474-XXX-S478

(Fig 2C). To determine the importance of these putative sites in

protein stability, we generated T309A, S474A, and S228A mutants

by mutating the serine or threonine at the sites of Flag-FoxM1

plasmid to alanine.

Meanwhile, we determined whether the ubiquitin proteasome

pathway is involved in Wnt signaling-mediated FoxM1 stability by

detecting the FoxM1 level in LN229 cells treated with DKK1 and

MG132 (a proteasome inhibitor). MG132 inhibited FoxM1 degrada-

tion induced by DKK1 (Appendix Fig S2). Thus, we analyzed ubiqui-

tination of FoxM1 wild-type (WT) and S228A, S309A, or S474A

mutants in 293T cells and found that S474A had the lowest ubiquiti-

nation level among the FoxM1 mutants and WT (Fig 2D),
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suggesting that phosphorylation at the S474 site is important for the

ubiquitination of FoxM1. To confirm this point, we generated an

antibody that specifically recognizes FoxM1 phosphorylated at S474

residues, named p-S474 antibody. Then, we used this antibody to

pull down the ubiquitinated FoxM1 and found that most of the S474

phosphorylated FoxM1 protein was ubiquitinated compared with

wild-type FoxM1 (Fig 2E).

Next, we determine the type of ubiquitin chains for FoxM1 ubiq-

uitination. Previous studies showed that ubiquitination through

lysine-48 (K48)-linked poly-ubiquitin chains generally targets
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Figure 1. Wnt signaling regulates the stability of FoxM1 and GSK3 kinase regulates the degradation of FoxM1 protein.

A LN229 and U87 cells treated with Wnt-3a (0, 10, 20, 50, 100 ng/ml) for 6 h. The indicated proteins were analyzed by Western blotting.
B LN229 cells treated with or without Wnt-3a (50 ng/ml) were pulsed with [35S] methionine for 30 min and chased for the times indicated. Protein extracts were used

for IP with anti-FoxM1 antibodies and subjected to SDS–PAGE and autoradiography. The intensities of the FoxM1 bands in autoradiography were then quantified by
using NIH Image software, and the densities of the FoxM1 bands at time 0 were set as 100%. Values are mean � SD from two independent experiments.

C Levels of FoxM1 were analyzed by Western blotting in LN229 and U87 cells treated with Wnt inhibitor DKK1 (100 ng/ml) for the indicated times. Note that the basal
levels of FoxM1 and b-catenin in (A) and (C) are similar but look different due to variations in the exposure time of the Western blots.

D FoxM1 expression levels were determined in LN229 cells treated with or without GSK3 inhibitor LiCl (10 mM) and CHX (100 lg/ml) for the indicated times.
E GSK3 wild-type (WT) and knockout (KO) cells were treated with CHX (100 lg/ml) for the indicated times, and FoxM1 and GSK3a/b expression levels were determined

by Western blotting.
F GSK3bCA or GSK3bKD plasmids were transfected into 293T cells for 48 h. The cells were then treated with CHX (100 lg/ml) for the indicated times. Endogenous

FoxM1 expression level was determined by Western blotting.

Data information: All Western blots in (A, C–F) are representative of three independent experiments.
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Figure 2. Phosphorylation of FoxM1 by GSK3b at S474 promotes the ubiquitination of FoxM1.

A Schematic of Flag-FoxM1 deletion mutants in a mammalian expression system. FL: full length; NT: NH2-terminal domain; DBD: DNA-binding domain; CT: COOH-
terminal domain.

B Lysates from 293T cells expressing Flag-FoxM1 or its mutants were subjected to IP using mouse anti-Flag antibody, followed by IB with anti-GSK3a/b antibody (upper
panel) and rabbit anti-Flag antibody (middle panel).

C Sequence analysis of human FoxM1 identified three putative GSK3b target sites at S228, T309, and S474.
D HA-ubiquitin and Flag-tagged FoxM1 (WT) or mutants FoxM1S228A, FoxM1T309A, or Flag-FoxM1S474A plasmids were co-transfected into 293T cells. After

36 h, cells were treated with 25 nM MG132 for 6 h. Cell lysates were subjected to IP with anti-Flag antibody, followed by IB with anti-Flag and anti-HA
antibody.

E HA-ubiquitin was co-transfected into 293T cells. After 36 h, cells were treated with 25 nM MG132 for 6 h. Cell lysates were subjected to IP with IgG or anti-FoxM1
phospho-S474 antibody, followed by IB with anti-FoxM1 and anti-HA antibody.

F HA-tagged K48-only ubiquitin or K63-only ubiquitin construct was transfected into 293T cells. After 36 h, cells were treated with 25 nM MG132 for 6 h. Cell lysates
were subjected to IP with IgG or anti-FoxM1 antibody, followed by IB with anti-FoxM1 and anti-HA antibody.

G GSK3b CA or vector and Flag-tagged FoxM1 (WT) or mutant S474A were co-transfected into 293T cells. Lysates of the cells were subjected to IP with anti-Flag
antibody and followed by IB with anti-FoxM1 phospho-S474 antibody.

Data information: All data are representative of three independent experiments.
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proteins for degradation, whereas ubiquitination through K63-linked

poly-ubiquitin chains play a critical role in signaling activation

(Nathan et al, 2013). Thus, we transfected 293T cells with HA-

tagged K48-only or K63-only ubiquitin constructs and then analyzed

the ubiquitination of FoxM1. We found that only poly-ubiquitin-K48

in FoxM1 was detected by anti-HA antibody, suggesting that FoxM1-

ubiquitin chains are K48-linked poly-ubiquitin chains (Fig 2F).

Furthermore, consistent with the above results, mutation in the

S474 site prevented GSK3b-CA-mediated phosphorylation of FoxM1,

which was recognized by the p-S474 antibody in 293T cells

(Fig 2G). These results suggest that phosphorylation of FoxM1 by

GSK3 at the S474 site promotes ubiquitination of FoxM1. Moreover,

these results suggest that serine 474 followed by a proline is a classi-

cal targeted site for GSK3 which is established as a proline-directed

serine/threonine kinase (Hooper et al, 2008).

Wnt activation inhibits the phosphorylation of FoxM1 mediated
by Axin–GSK3 complex

It is known that Wnt activation disrupts the interaction of b-catenin
with Axin which scaffolds between b-catenin and GSK3, thereby

inhibiting phosphorylation of b-catenin by GSK3 and causing

b-catenin stabilization (Clevers & Nusse, 2012; Kim et al, 2013). We

thus determined whether Axin is a scaffold protein between FoxM1

and GSK3. First, we found that FoxM1 interacted with Axin and

formed a complex with Axin and GSK3 (Fig 3A). Knockdown of

Axin inhibited the interaction of FoxM1 with GSK3 (Fig 3B). Knock-

down of Axin also inhibited the phosphorylation of FoxM1 at S474

(Fig 3C). These results suggest that Axin plays a scaffold role in the

interaction of FoxM1 with GSK3. Moreover, we found that Wnt-3a

treatment induced the dissociation of Axin with FoxM1 (Fig 3D),

suggesting that Wnt-3a regulates FoxM1 phosphorylation by

GSK3 through Axin–GSK3 complex. Furthermore, we found that

knockdown of Axin led to significantly reduction of FoxM1 poly-

ubiquitination (Fig 3E). Knockdown of Axin also further enforced

the Wnt-3a-induced reduction of FoxM1 poly-ubiquitination

(Fig 3E). These results indicated that Wnt activation inhibits the

phosphorylation of FoxM1 mediated by Axin–GSK3 complex which

is required for the FoxM1 ubiquitination.

FBXW7 mediates FoxM1 ubiquitination, which is inhibited by
Wnt/GSK3 signaling

It has been reported that Wnt activation leads to stabilization of

proteins by b-catenin-independent Wnt/STOP (Wnt-dependent

stabilization of proteins) signaling (Acebron et al, 2014; Koch et al,

2015). The roles of GSK3 as well as Axin/APC complex in Wnt/

STOP signaling have been explored previously (Taelman et al,

2010; Stolz et al, 2015). Once phosphorylated by GSK3, proteins

can be ubiquitinated by E3 ubiquitin ligases, including FBW7

(F box/WD repeat-containing protein 7) and NEDD4L (neural

precursor cell expressed, developmentally down-regulated 4-like),

which lead to degradation of substrate proteins (Kim et al, 2009;

Taelman et al, 2010; Acebron et al, 2014; Stolz et al, 2015). When

FoxM1 protein was examined to identify putative degrons for the

above E3 ubiquitin ligases, the motif LWEWPS(474)PAPS of FoxM1

was found to be closed to a consensus degron for FBXW7:

ΩxΩΩΩ(S/T)Pxx(S/T/E) [Ω = hydrophobic] (Welcker & Clurman,

2008). Thus, we determined whether FBXW7 is an E3 ligase for

FoxM1. We found that FBXW7 interacted with wild type of FoxM1

but not with S474A mutant of FoxM1 in the presence of MG132

(Fig 3F). Moreover, overexpression of FBXW7 induced FoxM1 ubiq-

uitination as compared with control (Fig 3G, lane 4 versus lane 2).

Next, since S474 is phosphorylated by GSK3, we determined

whether FBXW7-mediated FoxM1 ubiquitination is regulated by

GSK3 activation, by using GSK3b CA construct. We found that

FBXW7-induced FoxM1 ubiquitination was increased by GSK3b CA

transfection (Fig 3G), suggesting that GSK3 activity enhances

FBXW7-mediated FoxM1 ubiquitination. Furthermore, we found

that knockdown of FBXW7 by siRNA inhibited FoxM1 ubiquitina-

tion as compared with control siRNA (Fig 3H). More importantly,

knockdown of FBXW7 reversed the inhibitory effect of Wnt treat-

ment on FoxM1 ubiquitination (Fig 3H). Collectively, these results

suggest that FBXW7-mediated FoxM1 ubiquitination is regulated by

Wnt signaling and that Wnt induced FoxM1 stabilization via a

Wnt/STOP mechanism.

USP5 regulates stabilization of FoxM1 by deubiquitination in
response to Wnt stimulation

Ubiquitin–ubiquitin and ubiquitin–protein bonds can be cleaved by

the action of DUB enzymes including ubiquitin-specific proteases

(USPs). Since the S478A mutation suppresses ubiquitination of

FoxM1, we hypothesized that Wnt activation may function in coop-

eration with an unknown DUB. To identify a DUB that targets the

ubiquitin of FoxM1, we screened a panel of USPs in which a total of

32 USP cDNA plasmids were transfected into 293T cells. Strikingly

increased endogenous FoxM1 expression under Wnt-3a treatment

was observed in the cells transfected with USP5 (Fig 4A). Moreover,

when USP5 was overexpressed in 293T cells, FoxM1 degradation

was inhibited (Fig 4B), suggesting a role of USP5 in FoxM1 protein

stability.

We sought to determine whether USP5 directly interacts with

FoxM1 and functions as a bona fide FoxM1 deubiquitylase. Co-IP

assays confirmed that ectopically expressed Flag-FoxM1 could be

detected in Myc-tagged USP5 immunoprecipitates in 293T cells

(Fig 4C), indicating that USP5 interacts with FoxM1 in vivo. Endoge-

nous USP5 also interacts with endogenous FoxM1 in LN229 cells

(Fig 4D). Moreover, Wnt-3a treatment enhanced the interaction

between USP5 and FoxM1, while constitutive activated GSK3b
weakened such interaction in both 293T (Fig 4C) and LN229

(Fig 4D) cell lines. Consistent with this finding, mutation of Ser474

to Ala (S474A) on FoxM1 increased the interaction of USP5 and

FoxM1 (Fig 4E). In contrast, mutation of Ser474 to Glu (S474E),

which mimics phosphorylation of Ser474, abolished the interaction

of USP5 and FoxM1 (Fig 4E). S474A mutation was also resistant to

GSK3b-CA-induced reduction of USP5–FoxM1 interaction compared

with WT FoxM1 (Fig 4F). Therefore, these results indicated that

inhibition of GSK3b-mediated phosphorylation of FoxM1 at S474 is

required for the interaction of USP5–FoxM1.

We reasoned that USP5 regulates Wnt-induced FoxM1 stabiliza-

tion by affecting deubiquitination. Indeed, overexpression of USP5

reduced the endogenous ubiquitination of FoxM1 as well as GSK3b-
CA-induced ubiquitination of FoxM1 (Fig 4G). Furthermore, Wnt-3a

reduced ubiquitination of FoxM1, and this reduction was reversed

by silencing USP5 expression with a specific siRNA (Fig 4H),
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Figure 3. Wnt activation inhibits the phosphorylation of FoxM1 mediated by Axin–GSK3 complex and the ubiquitination of FoxM1 mediated by FBXW7.

A Cell lysates of LN229 cells were subjected to IP using anti-Axin antibody or control IgG, followed by IB with the indicated antibodies.
B Axin siRNA or control siRNA was transfected into LN229 cells and, after 36 h, co-IP was performed with lysates of the cells using anti-FoxM1 antibody followed by IB

with the indicated antibodies.
C Axin siRNA or control siRNA was transfected into LN229 cells for 36 h. Lysates of the cells were subjected to IB with anti-FoxM1 phospho-S474 antibody.
D Cell lysates of LN229 cells with or without Wnt-3a treatment for 4 h were subjected to IP using anti-Axin antibody or control IgG, followed by IB with anti-FoxM1

and anti-Axin antibodies.
E Axin siRNA or control siRNA with HA-ubiquitin were transfected into 293T cells and, after 36 h, cells were treated with MG132 with or without Wnt-3a (50 ng/ml) for

6 h. Then, IP was performed with lysates of the cells using anti-FoxM1 antibody followed by IB with the indicated antibodies.
F Wild-type Flag-FoxM1 or S474A mutant was transfected into 293T cells after 36 h, and cells were treated with MG132 for 6 h. Then, IP was performed with lysates of

the cells using anti-Flag antibody followed by IB with the indicated antibodies.
G HA-ubiquitin and/or FBXW7, GSK3b CA, Flag-FoxM1 were co-transfected into 293T cells and, after 36 h, cells were treated with MG132 for 6 h. Then, IP was performed

with lysates of the cells using anti-Flag antibody followed by IB with the indicated antibodies.
H FBXW7 siRNA or control siRNA and HA-ubiquitin were transfected into 293T cells and, after 36 h, cells were treated with MG132 with or without Wnt-3a (50 ng/ml)

for 6 h. Then, IP was performed with lysates of the cells using anti-FoxM1 antibody followed by IB with the indicated antibodies.

Data information: All data are representative of three independent experiments.
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Figure 4. USP5 deubiquitylates and stabilizes FoxM1 in response to Wnt stimulation.

A 293T cells were transfected with USPs cDNA or control plasmid. After 36 h of transfection, cells were treated with 50 ng/ml Wnt-3a for 4 h. FoxM1 protein levels in
the cells were then determined by Western blotting.

B 293T cells were transfected with 1 lg control plasmid or USP5 cDNA in 6-well plates. After 36 h of transfection, cells were treated with 100 lg/ml CHX for 0, 3, or 6 h.
FoxM1 protein levels in the cells were then determined by Western blotting.

C GSK3b CA, USP5, or control plasmid was co-transfected with Flag-FoxM1 into 293T cells. After 36 h of transfection, cells were treated with 50 ng/ml Wnt-3a or control
PBS for 4 h. Cell lysates were subjected to IP with anti-Myc antibody and followed by IB with anti-Flag or anti-Myc antibody.

D GSK3b CA, USP5, or control plasmid was co-transfected with Flag-FoxM1 into 293T cells. After 36 h of transfection, cells were treated with 50 ng/ml Wnt-3a or control
PBS for 6 h. Cell lysates were subjected to IP with anti-FoxM1 antibody and followed by IB with anti-FoxM1 or USP5 antibody.

E USP5 and Flag-FoxM1 (WT) or mutants Flag-FoxM1S474A or Flag-FoxM1S474E plasmids were co-transfected into 293T cells for 36 h. Cell lysates were subjected to IP
with anti-Flag antibody and followed by IB with anti-Flag or anti-USP5 antibody.

F GSK3b CA, USP5, or control plasmid was co-transfected with Flag-FoxM1 (WT) or mutant Flag-FoxM1S474A into 293T cells for 36 h. Cell lysates were subjected to IP
with anti-Flag antibody and followed by IB with anti-Flag or anti-USP5 antibody.

G HA-ubiquitin and Flag-FoxM1 were co-transfected with or without GSK3b CA into 293T cells. After 36 h, cells were treated with 25 nM MG132 for 6 h. Cell lysates
were subjected to IP with anti-Flag followed by IB with anti-HA or anti-FoxM1 antibody.

H HA-ubiquitin and Flag-FoxM1 were co-transfected with or without siUSP5 into U87 cells. After 36 h, cells were treated with 50 ng/ml Wnt-3a and 25 nM MG132 for
6 h. Cell lysates were subjected to IP with anti-Flag antibody followed by IB with anti-HA or anti-FoxM1 antibody.

Data information: All data are representative of three independent experiments.

The EMBO Journal Vol 35 | No 6 | 2016 ª 2016 The Authors

The EMBO Journal FoxM1, USP5, and ICAT in Wnt/b-catenin signaling Yaohui Chen et al

674



suggesting that Wnt-3a-induced deubiquitination of FoxM1 is depen-

dent on USP5.

Nuclear FoxM1 induced by Wnt signaling enhances recruitment
of b-catenin to TCF-binding elements by disrupting ICAT–
b-catenin interaction

FoxM1 has both cytosolic and nuclear locations, and cytosolic

FoxM1 functions in b-catenin nuclear translocation (Zhang et al,

2011). Wnt activation increased the nuclear level of FoxM1

(Appendix Fig S3A). Our previous study suggested that nuclear

FoxM1 appears to govern another critical aspect of b-catenin nuclear

function: recruitment of b-catenin to the b-catenin/TCF4 transcrip-

tion activation complex in Wnt target-gene promoter (Zhang et al,

2011). However, the mechanism for this function of nuclear FoxM1

is unknown. As well known, b-catenin contains 12 armadillo

repeats to serve as a binding surface for its many partners, such as

TCF4, FoxM1, and ICAT (Appendix Fig S3B). ICAT binds to 5–12

armadillo repeats of b-catenin, which overlaps the binding site for

TCF4 (Appendix Fig S3B) and prevents b-catenin/TCF4 interaction,

thereby excluding b-catenin’s recruitment to Wnt target-gene

promoter (Huber et al, 1997; Tutter et al, 2001; Daniels & Weis,

2002; Graham et al, 2002). Moreover, b-catenin repeats 10–12 are

the only repeats required for ICAT binding (Tago et al, 2000;

Graham et al, 2002); FoxM1 also interacts with b-catenin via bind-

ing its repeats 11–12 (Zhang et al, 2011).

We have found that the levels of ICAT in glioma cell lines

(Hs683 and SW1783), glioma stem cell lines (GSC11, 20 and 23),

and breast cancer cell lines (BT474 and MDA-MB-231) were similar

to those in nontumor cell lines (HaCaT and 293T) (Appendix Fig

S3C). However, our previous studies showed that the above tumor

cells expressed much higher levels of FoxM1 than nontumor cells

expressed (Zhang et al, 2011; Xue et al, 2014). Moreover, levels of

ICAT in human glioblastoma multiforme (GBM) were similar to

those in adjacent normal brain tissue (Fig 5A and B). In contrast,

levels of FoxM1 in human GBM were significantly up-regulated

compared with those in normal brain tissue (Fig 5A and C). There-

fore, these results suggested that up-regulated Wnt/b-catenin activ-

ity in GBM cells is likely due to increased FoxM1 expression but not

due to decreased ICAT expression. Based on these observations,

we hypothesized that FoxM1–b-catenin interaction prevents ICAT–

b-catenin interaction, hence up-regulating Wnt/b-catenin activity,

because it is clear that both FoxM1 and ICAT interact with the

11–12 repeats of b-catenin.
We first tested whether FoxM1 overexpression blocks exogenous

ICAT–b-catenin interaction in 293T cells. ICAT plasmid and

increasing amounts of FoxM1 plasmids were co-transfected into the

cells; the cells were then treated with Wnt-3a, and Co-IP assays

were conducted with use of nuclear protein from the cells. We

found that b-catenin binding to ICAT decreased with increasing

FoxM1 expression (Fig 5D). In contrast, when FoxM1 plasmid and

increasing amounts of ICAT plasmid were co-transfected into the

293T cells and then the cells were treated with Wnt-3a, b-catenin
binding to FoxM1 decreased with increasing ICAT expression

(Fig 5E).

Next, we silenced FoxM1 with use of a specific siRNA in U87

cells to analyze endogenous ICAT, b-catenin, and FoxM1 interac-

tions. Silencing FoxM1 increased the interaction between ICAT and

b-catenin (Fig 5F). Silencing ICAT by its specific siRNA in LN229

increased the interaction between FoxM1 and b-catenin (Fig 5G).

It is well established that nuclear b-catenin associates with

TCF4/LEF-1 transcription factors on TCF-binding elements (TBEs)

to regulate Wnt target-gene expression (Behrens et al, 1996; Mole-

naar et al, 1996). ICAT prevents binding between b-catenin and

TCF4, thereby suppressing the recruitment of b-catenin to TBE

(Daniels & Weis, 2002). To provide direct evidence that FoxM1

enhances recruitment of b-catenin to TBE by antagonizing ICAT

function, we chose Axin2, a prototypic Wnt/b-catenin/TCF4 target

gene. Axin2 promoter has a TBE located between �108 and

�102 bp (Leung et al, 2002). We performed ChIP assays via the

b-catenin, IgG (control), and specific PCR primers flanking the TBE

of the Axin2 promoter. ICAT overexpression inhibited the

recruitment of b-catenin to TBE of Axin2 promoter in U87 cells

(Fig 5H). In contrast, FoxM1 overexpression increased the recruit-

ment of b-catenin to TBE of Axin2 promoter, and the effect of

FoxM1 overexpression on the recruitment of b-catenin was inhibited

by ICAT overexpression (Fig 5H). Silencing FoxM1 inhibited the

recruitment of b-catenin to the TBE (Fig 5H), whereas silencing

ICAT increased the recruitment of b-catenin to the TBE (Fig 5I).

Moreover, the effect of FoxM1 silencing on the recruitment of

b-catenin was overridden by silencing of ICAT (Fig 5J).

To further distinguish the role of nuclear FoxM1 from cytoplas-

mic FoxM1 in the b-catenin activation, we used b-catenin-NLS
construct which can translocate into the nucleus constitutively.

Expression of b-catenin-NLS induced the recruitment of b-catenin to

TBE of Axin2 promoter, and the effect of b-catenin-NLS expression

on the recruitment of b-catenin was inhibited by FoxM1 silencing

(Fig 5J). This result confirms that in nuclear, FoxM1 enhances the

recruitment of b-catenin to the b-catenin/TCF4 transcription activa-

tion complex in Wnt target-gene promoter. Moreover, the effect of

FoxM1 silencing on the recruitment of b-catenin was overridden by

FoxM1-shR (shRNA-resistant) but not by ICAT (Fig 5J). Collectively,

these results indicated that in the nuclear, FoxM1–b-catenin interac-

tion prevents ICAT–b-catenin interaction, thereby promoting the

recruitment of b-catenin to the Wnt target gene.

FoxM1–b-catenin interaction is required for b-catenin
transcriptional activity by antagonizing ICAT’s function

We next determined whether b-catenin binding to the TBE of the

target gene that is increased by FoxM1 leads to increased transcrip-

tion activity of b-catenin. Overexpression of FoxM1 increased the

activity of Axin2 promoter, but overexpression of ICAT reduced the

activity of Axin2 promoter induced by FoxM1 by a factor of 10

(Fig 6A). Moreover, knocking down FoxM1 inhibited the activity of

Axin2 promoter (Fig 6B), whereas knocking down ICAT enhanced

the activity of Axin2 promoter (Fig 6C).

We further determined whether FoxM1 is required for b-catenin
transcriptional activity by using the TOP-Flash report assay, a Wnt/

b-catenin-responsive reporter assay. Overexpression of FoxM1

increased the endogenous b-catenin transcriptional activity, whereas

overexpression of ICAT inhibited the FoxM1-induced b-catenin tran-

scriptional activity in a dose–response manner (Fig 6D). In contrast,

overexpression of ICAT inhibited the endogenous b-catenin tran-

scriptional activity, whereas overexpression of FoxM1 antagonized

the inhibitory effect of ICAT in a dose–response manner (Fig 6E).
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Figure 5. Wnt promotes FoxM1 nuclear translocation to enhance interaction of b-catenin/TCF4 via FoxM1 competing with ICAT.

A Expression of FoxM1 and ICAT was examined via IHC staining in 30 GBM and paired adjacent normal tissues. Representative ICAT and FoxM1 expressions are shown
in a section of a GBM tumor with adjacent normal brain. Scale bar: 50 µm.

B ICAT stainings were scored as 1–12 according to the intensity and percentage in the 30 GBM and paired adjacent normal tissues. Boxes indicate interquartile range.
Bars from each box extend to largest and smallest observations.

C FoxM1 stainings were scored as 1–12 according to the intensity and percentage in the 30 GBM and paired adjacent normal tissues. Boxes indicate interquartile
range. Bars from each box extend to largest and smallest observations.

D Increased amounts of FoxM1 plasmids were transfected into 293T cells. After 36 h, cells were treated with 50 ng/ml Wnt-3a for 6 h. Cell lysates were then subjected
to IP with anti-b-catenin antibody, followed by IB with anti-b-catenin, anti-ICAT, anti-FoxM1, or IgG antibodies.

E Increased amounts of ICAT plasmids were transfected into 293T cells. After 36 h, cells were treated with 50 ng/ml Wnt-3a for 6 h. Cell lysates were then subjected to
IP with anti-b-catenin antibody, followed by IB with anti-b-catenin, anti-ICAT, anti-FoxM1, or IgG antibodies.

F FoxM1 siRNA or control siRNA was transfected into U87 cells, and lysates were subjected to IP with anti-b-catenin antibody, followed by IB with anti-b-catenin, anti-
ICAT, anti-FoxM1, or IgG antibodies.

G ICAT siRNA or control siRNA was transfected into LN229 cells, and lysates were subjected to IP with anti-b-catenin antibody, followed by IB with anti-b-catenin, anti-
ICAT, anti-FoxM1, or IgG antibodies.

H ChIP analyses of endogenous b-catenin binding at the TCF-binding site of the Axin2 promoter were performed in vector-, FoxM1-, and/or ICAT plasmid-transfected
U87 cells. Fold was calculated relative to that in cells transfected with the vector, which was set as 1.

I ChIP analyses of endogenous b-catenin binding at the TCF-binding site of the Axin2 promoter were performed in FoxM1 siRNA-, ICAT siRNA-, control siRNA-, or
combination of FoxM1 siRNA and ICAT siRNA-transfected U87 cells as described in (H).

J ChIP analyses of endogenous b-catenin binding at the TCF-binding site of the Axin2 promoter were performed in vector-, b-catenin-NLS-, sh-FoxM1-, FoxM1-shR-,
and/or ICAT plasmid-transfected U87 cells as described in (H).

Data information: Data shown in (E–G) are representative of three independent experiments. Data shown in (H–J) are the means � SD of two independent qPCR
quantitative experiments with triplicate samples in each experiment.
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Figure 6. FoxM1 regulates b-catenin transcription activity and promotes Wnt target-gene expression.

A FoxM1 and/or ICAT plasmids were co-transfected with Axin2 promoter luciferase and TK-Renilla plasmid into U87 cells. Luciferase activity was measured with the
Dural Luciferase reporter assay, and relative luciferase activity was normalized to that of the vector group. Values are mean � SD for triplicate samples.

B FoxM1 siRNA#1, #2, or control siRNA was co-transfected to U87 cells with Axin2 promoter reporter. Luciferase activity was measured with the Dural Luciferase
reporter assay, and relative luciferase activity was normalized to that of the control siRNA group. Values are mean � SD for triplicate samples.

C ICAT siRNA or control siRNA was co-transfected into LN229 cells with Axin2 promoter reporter. Luciferase activity was measured as in (A).
D FoxM1 and/or ICAT plasmids were co-transfected with TOP-Flash reporter and TK-Renilla plasmids into U87 cells. Luciferase activity of TOP-Flash in the cells was

measured as in (A). Values are mean � SD for triplicate samples.
E ICAT, FoxM1, or FoxM1-ΔFB (FoxM1 mutant lacking the forkhead box domain) plasmid or their combinations were co-transfected with TOP-Flash reporter and TK-

Renilla plasmids into LN229 cells. Luciferase activity of TOP-Flash in the cells was measured as in (A). Values are mean � SD for triplicate samples.
F FoxM1 siRNA and/or ICAT siRNA were co-transfected with TOP-Flash reporter and TK-Renilla plasmids into LN229 cells, and the cells were treated with Wnt-3a

(50 ng/ml) or control PBS. Luciferase activity of TOP-Flash in the cells was measured as in (A). Values are mean � SD for triplicate samples.
G Vector, b-catenin-NLS, sh-FoxM1, FoxM1-shR, and/or ICAT plasmids were co-transfected with TOP-Flash reporter and TK-Renilla plasmids into U87 cells. Luciferase

activity of TOP-Flash in the cells was measured as in (A). Values are mean � SD triplicate samples.
H Levels of Axin-2 and cyclin D1 protein in LN229 cells transfected with FoxM1 siRNA#1 or #2 were determined by Western blotting.
I Levels of Axin-2 and cyclin D1 protein in LN229 cells transfected with ICAT siRNA were determined by Western blotting.
J Levels of Axin-2 and cyclin D1 protein in LN229 cells transfected with FoxM1 and/or ICAT plasmids were determined by Western blotting.

Data information: Data shown in (A–G) are representative of three independent experiments with three triplicate samples in each experiment. Data shown in (H–J) are
representative of three independent experiments.
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However, overexpression of FoxM1-ΔFB mutant, which does not

interact with b-catenin since it lacks the forkhead box domain of

FoxM1, did not antagonize the inhibitory effect of ICAT (Fig 6E).

Conversely, knocking down ICAT enhanced both endogenous and

Wnt-induced b-catenin transcriptional activity, whereas knocking

down FoxM1 did the opposite (Fig 6F). Moreover, knocking down

FoxM1 antagonized the effect of ICAT knockdown on Wnt-induced

b-catenin transcriptional activity (Fig 6F). Furthermore, knocking

down FoxM1 inhibited b-catenin-NLS-induced b-catenin transcrip-

tional activity (Fig 6G), whereas the effect of FoxM1 silencing on

the recruitment of b-catenin was overridden by FoxM1-shR (shRNA-

resistant) but not by ICAT (Fig 6G). These results confirmed the role

of FoxM1 on b-catenin nuclear function.

Finally, we detected the expression of Wnt/b-catenin target genes

including Axin-2 and cyclin D1 to confirm the above findings. Knock-

ing down FoxM1 reduced the expression of Axin-2 and cyclin D1

(Fig 6G), whereas knocking down ICAT increased their expression

(Fig 6H). Furthermore, overexpression of FoxM1 revised the

inhibitory effect of ICAT overexpression of the target genes (Fig 6I).

Therefore, these results indicated that FoxM1 enhances b-catenin
transcriptional activity by antagonizing the inhibitory effect of ICAT.

USP5–FoxM1 axis abrogates the inhibitory effect of ICAT and is
required for Wnt/b-catenin signaling-mediated cell proliferation

Cyclin D1 expression is required for G1/S phase transition and cell

proliferation (Resnitzky & Reed, 1995), thus, we examined whether

Wnt-dependent FoxM1 deubiquitination by USP5, which promotes

cyclin D1 expression, regulates cell proliferation. We found that

Wnt-induced cell proliferation in LN229 cells is inhibited by overex-

pression of ICAT (Fig 7A). Overexpression of FoxM1 overrode the

inhibitory effect of ICAT on cell proliferation induced by Wnt-3a in

a dose–response manner (Fig 7A). In addition, overexpression of

FoxM1 in LN229 cells increased cell proliferation, but the effect of

FoxM1 on cell proliferation was inhibited by b-catenin depletion as

well as by ICAT overexpression (Fig 7B), suggesting that b-catenin
plays an important role in FoxM1-induced cell proliferation. In

contrast, depletion of FoxM1 reduced the cell proliferation induced

by Wnt-3a (Fig 7C); the inhibitory effect of FoxM1 depletion,

however, could be rescued by expression of shRNA-resistant

FoxM1, but the rescuing effect of shRNA-resistant FoxM1 was over-

ridden by expression of ICAT (Fig 7C). Furthermore, overexpression

of USP5 increased cell proliferation, but depletion of FoxM1

suppressed the cell proliferation induced by USP5 (Fig 7D). Conver-

sely, depletion of USP5 inhibited Wnt-induced cell proliferation, but

overexpression of FoxM1 overrode the inhibitory effect of USP5

depletion (Fig 7D). Together, these results strongly suggest that the

Wnt-dependent USP5–FoxM1 axis, which abrogates the inhibitory

effect of ICAT, is required for Wnt/b-catenin signaling-mediated cell

proliferation.

FoxM1, cyclin D1, and Axin-2 expression in human GBM
correlates with levels of USP5

We analyzed the significance of FoxM1-mediated Wnt/b-catenin
activation in human GBM with use of a panel of 50 GBM samples

by determining the expression levels of FoxM1 and the expression

levels of Wnt target cyclin D1. The expression levels of FoxM1

protein directly correlated with those of cyclin D1 protein (Fig 7F

and Appendix Fig S4), further supporting the critical role of

FoxM1 in Wnt/b-catenin activation in human GBM. Next, we

analyzed the significance of USP5-modulated Wnt-FoxM1 activa-

tion in human GBM by determining the expression levels of USP5

in the above GBM samples. USP5 was highly expressed in 34

samples and moderately expressed in 11 samples. Notably, the

expression level of USP5 protein directly correlated with expres-

sion levels of FoxM1 and cyclin D1 proteins (Fig 7G and H,

Appendix Fig S4). We also analyzed the Wnt-specific target Axin2

mRNA levels in the same GBM samples (Appendix Fig S4, panel

4). The mRNA level of Axin2 highly correlated with expression

levels of USP5 and FoxM1 proteins (Fig 7I and J, Appendix Fig

S4). Together, our data underscore the clinical relevance of USP5-

mediated deubiquitination of FoxM1 in regulating activation of

Wnt/b-catenin signaling in GBM.

Discussion

Aberrantly activated Wnt signaling occurs in association with the

development and progression of human cancers (Clevers & Nusse,

2012). The Wnt signaling pathway regulates various processes that

are important for cancer progression, including tumor initiation and

growth, as well as cell senescence, cell death, differentiation, and

metastasis. Wnt signaling in the nucleus is transmitted through the

key transcriptional co-regulator b-catenin. However, the mechanism

for b-catenin recruitment to the Wnt target-gene promoter is largely

unknown. Herein, we demonstrate that Wnt signaling is required

for protein level maintenance of FoxM1 via blocking phosphoryla-

tion of FoxM1 at S474 by GSK3–Axin complex. Stabilized FoxM1

enters the nuclear and directly interacts with b-catenin, which

releases b-catenin from ICAT, a major inhibitor of b-catenin/TCF4
complex, thereby promoting the recruitment of b-catenin to the Wnt

target gene (Fig 8).

Previous studies demonstrated that Wnt activation stabilizes

b-catenin protein by inhibition of the phosphorylation/degradation

of b-catenin mediated by a dual-kinase mechanism, in which

phosphorylation of b-catenin by CKIa leads to phosphorylation of

b-catenin by GSK3. The phosphorylated b-catenin is then recog-

nized by the ubiquitin E3 ligase b-TrCP, triggering ubiquitination

and degradation of b-catenin (Liu et al, 1999, 2002). In the current

study, we provided compelling evidence that Wnt activation also

stabilizes FoxM1 protein by inhibition of the phosphorylation/

degradation of FoxM1 mediated by GSK3. However, unlike

phosphorylation of b-catenin by GSK3 required priming by CKIa,
phosphorylation of FoxM1 at S474 by GSK3 does not need priming

because S474 is followed by a proline. Furthermore, the experi-

ments using GSK3a�/�b�/� and GSK3 wild-type cells provided

unequivocal evidence for the regulation of FoxM1 by GSK3.

Previous studies indicate that FoxM1 is degraded in late mito-

sis and early G1 phase by the anaphase-promoting complex/cyclo-

some E3 ubiquitin ligase (Laoukili et al, 2008; Park et al, 2008).

However, DSPs or DUBs, which play direct role in the process of

deubiquitination of FoxM1 protein, have not been reported

before; in the only previous study linking USP with FoxM1,

USP22 was shown to regulate FoxM1 RNA transcription indirectly

(Ning et al, 2014). In this study, we identified USP5 as a specific
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Figure 7. USP5–FoxM1 axis regulated Wnt/b-catenin signaling-mediated cell proliferation.

A A total of 1 × 104 LN229 cells were transfected with control vector, FoxM1, and/or ICAT plasmids and treated with Wnt-3a (50 ng/ml) and were then plated and
counted 48 h after seeding. The proliferation percentage was calculated relative to that in cells transfected with the control vector, which was set as 100%. Data
represent the mean � SD of three independent experiments.

B LN229 cells were transfected with vector control, FoxM1, FoxM1 plus sh-b-catenin or FoxM1 plus ICAT plasmid. The proliferation percentage was determined as
described in (A).

C LN229-shFoxM1 cells were transfected with FoxM1-shR (siRNA-resistant FoxM1), or FoxM1-shR plus ICAT plasmid. The cells were then treated with Wnt-3a
(50 ng/ml). The proliferation percentage was determined as described in (A).

D LN229 cells were transfected with USP5 and/or FoxM1 siRNA. The proliferation percentage was determined as described in (A).
E LN229 cells were transfected with USP5 siRNA and/or FoxM1 plasmid. The cells were then treated with Wnt-3a (50 ng/ml). The proliferation percentage was

determined as described in (A).
F–H Expression of FoxM1, cyclin D1, and USP5 proteins was examined via IHC staining in 50 GBM specimens. Staining of FoxM1, cyclin D1, or USP5 was scored as 1–12

according to the intensity and percentage. The significance of the correlations was determined by Pearson’s correlation test.
I, J Axin2 mRNA levels in the above 50 GBM specimens were examined through RNAscope technology. The staining was scored as 1–12 according to the intensity and

percentage. The significance of the correlations was determined by Pearson’s correlation test.

Data information: Data shown in (A–E) represent the mean � SD of three independent experiments.
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USP for FoxM1. USP5 is a DSP recently identified as part of the

26S proteasome (Besche et al, 2009). USP5 regulates unanchored

poly-ubiquitin Ub chains (Reyes-Turcu et al, 2006). USP5 can also

specifically regulate protein deubiquitination by binding to a

protein. Indeed, a recent study showed that USP5 interacted with

Cav3.2 and removed ubiquitin groups from the protein (Garcia-

Caballero et al, 2014). Knockdown of USP5 increases Cav3.2

protein ubiquitination and decreases Cav3.2 protein levels

(Garcia-Caballero et al, 2014). In the current study, we found that

USP5 directly interacts with FoxM1. Overexpression of USP5

reduced the endogenous ubiquitination of FoxM1 as well as

GSK3b CA-induced ubiquitination of FoxM1. This deubiquitination

process then increased FoxM1 expression. Therefore, the results

demonstrated that FoxM1 is a substrate for USP5.

Most signaling pathways require both phosphorylation and

ubiquitination for full regulatory control, and ubiquitination is

usually regulated by phosphorylation. However, whether deubiqui-

tination is regulated by phosphorylation is unknown. Here, we

demonstrated for the first time that dephosphorylation of FoxM1 at

S474 is required for the interaction of USP5–FoxM1. Indeed, Wnt-3a

treatment enhanced the interaction between USP5 and FoxM1 by

inhibiting phosphorylation of FoxM1 at S474, whereas constitutive

activated GSK3b weakened such interaction by mediating the

phosphorylation.

There is evidence that b-catenin is capable of recruiting co-

activators and co-repressors to regulate its ability to activate Wnt

target gene. These include the b-catenin/TCF complex co-activators

Legless/Bcl9 and Pygopus (Pygo) (Kramps et al, 2002; Townsley

et al, 2004), the histone acetyl transferase CBP (Takemaru & Moon,

2000), and the co-repressors ICAT (Tago et al, 2000) and Chibby

(Takemaru et al, 2003; Li et al, 2008). Nuclear antagonist ICAT

binds to b-catenin and disrupts b-catenin/TCF interactions (Huber

et al, 1997; Tutter et al, 2001; Daniels & Weis, 2002; Graham et al,

2002). In this study, we found that FoxM1 serves as a co-activator

to interact with the b-catenin 11–12 Arm-repeats portion and to

inhibit ICAT binding with b-catenin, thus promoting TCF/b-catenin-
dependent transcription. Therefore, simultaneous increases in levels

of both FoxM1 and b-catenin by Wnt ligand stimulation would

ensure full activation of Wnt signaling.

It was reported that APC loss led to tumor formation in liver,

colon, and kidney but not in pancreas islet which has high level

of ICAT (Strom et al, 2007). The mechanism for increased ICAT

expression in pancreas of APC loss mice is unknown (Strom et al,

2007), since ICAT protein levels have been shown not to be

altered by activation or inhibition of Wnt signaling (Gottardi &

Gumbiner, 2004). Other studies have shown that somatic muta-

tions of the ICAT gene in various human cancers are infrequent

and that the expression level of ICAT in human colon cancers is

not decreased (Koyama et al, 2002; Imai et al, 2004). On the

other hand, FoxM1 is expressed in proliferating epithelium at the

base of the crypt (which has high level of Wnt activity), but not

in the intestinal villus (Ye et al, 1997). Moreover, a study of the

role of FoxM1 in colon cancer development using conditional

FoxM1 knockout and overexpression transgenic mice has shown
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that FoxM1 affects b-catenin/TCF-4 signaling in colon cancers

(Yoshida et al, 2007). Our results in glioma are consistent with

the finding that the level of ICAT is not the cause of aberrant

b-catenin/TCF activity. Instead, in combination with the investiga-

tion of ICAT and FoxM1 expression in human glioma tissues, we

found that FoxM1 overexpression is a critical molecular mecha-

nism for aberrant b-catenin/TCF activation in glioma. Given that

FoxM1 is overexpressed in most tumors, our study uncovered a

novel mechanism for the persistent activation of b-catenin/TCF-
mediated transcription in tumors such as glioma, in which APC

or b-catenin mutations are not common; this mechanism has

novel therapeutic strategies against malignant tumors.

Materials and Methods

Cell lines and culture conditions

Human glioma cell lines LN229 and U87 as well as the 293T cell line

were obtained from the American Type Culture Collection and

cultured in DMEM with 10% FBS. Wild-type (WT) and GSK3a/b
double knockout (KO) mouse stem cells were cultured as described

previously (Doble et al, 2007). LN229-sh-FoxM1 cells were cultured

in DMEM with 10% FBS.

siRNA treatment

Human siFoxM1 #1 target sequence has been described previously

(Zhang et al, 2011). siFoxM1 #2 target sequence is GGACCA

CUUUCCCUACUUU. siRNA pools for ICAT (sc-43858), AXIN (sc-

41449), FBXW7 (sc-37547), USP5 (sc-76869), and control siRNA (sc-

37007) were obtained from Santa Cruz Biotechnology. siRNA oligos

were transfected into subconfluent cells with Oligofectamine or

Lipofectamine 2000 (Invitrogen) in accordance with the manufac-

turer’s instructions.

Immunoblots and immunoprecipitation

Cells were lysed in EBC buffer (50 mM Tris [pH 7.5], 120 mM NaCl,

and 0.5% NP-40) supplemented with protease inhibitors (Roche)

and phosphatase inhibitors (Calbiochem). The lysates were then

resolved by SDS–PAGE and immunoblotted with the indicated anti-

bodies. For immunoprecipitation, 800 lg of lysates was incubated

with the appropriate antibody (1–2 lg) overnight followed by a 4-h

incubation with Protein G Sepharose beads (GE Healthcare).

Immunocomplexes were washed five times with EBC buffer before

being resolved by SDS–PAGE and immunoblotted with the indicated

antibodies. Information regarding the antibodies used in the study is

presented in Appendix Table S1.

Phospho-FoxM1 (Ser474) rabbit polyclonal antibody

To prepare phospho-FoxM1 (Ser474) rabbit polyclonal antibody

(pAb), we designed and synthesized two peptides that contain phos-

phorylated or nonphosphorylated Ser474 and the flanking 4–6

amino acid residues (EEWPSPAPSFK or EEWPS(PO4)PAPSFK) plus

a Cys (C) at the amino-terminal. After conjugating to KLH by the

amino-terminal C, the two KLH-peptide conjugates were respectively

injected into 11- or 12-week-old female New Zealand white rabbits

at multiple intradermal sites. After the conjugates were injected 3 or

4 times within a 2-week interval, we collected rabbit blood to sepa-

rate serum. The phospho-FoxM1 (Ser474) rabbit pAb was prepared

from the phosphorylated conjugate immunized serum by a 3-step

purification method: (i) The serum was purified by a protein A

affinity column and (ii) passed through SulfoLink beads (Pierce,

Rockford, IL) immobilized with the nonphosphorylated peptide. (iii)

The flow-through was collected and finally purified by the phospho-

rylated peptide-coupled SulfoLink beads. The nonphospho-FoxM1

rabbit pAb was purified from the nonphosphorylated conjugate

immunized serum by using the first two purification steps above.

The specificity of the phospho-FoxM1 (Ser474) rabbit pAb was

identified by Peptide-ELISA and Western blotting with prepared

nonphospho-FoxM1 rabbit pAb as a control.

Immunofluorescence cell staining

Cells were grown on chamber slides pre-coated with poly-L-ornithine

and fibronectin. Cells were fixed with 4% paraformaldehyde, perme-

abilized for 5 min with PBS containing 0.1% Triton X-100 (PBS-T),

quenched with 50 mM NH4Cl in PBS-T, and blocked with 1% BSA in

PBS-T. Immunostaining was performed by using the appropriate

primary and secondary antibodies, and images were acquired with

use of an Olympus FluoView FV1000 confocal microscope.

Promoter reporters and dual-luciferase assays

For the luciferase reporter assay, cells were transfected with TOP-

Flash or Axin2 promoter reporter (Addgene). Transfection effi-

ciency was normalized by co-transfection with a TK-Renilla

reporter. The activities of firefly luciferase and Renilla luciferase

were quantified by using the dual-luciferase reporter assay system

(Promega).

Chromatin immunoprecipitation assays

For the ChIP assay, 2 × 106 cells were prepared with the ChIP assay

kit (Cell Signaling Technology) according to the manufacturer’s

instructions. The resulting precipitated DNA samples were analyzed

by PCR to amplify the putative TCF4 binding region 1 (�200 to

�53 bp) of Axin2 promoter using the primers 50-TCATCTGAAC
CTCCTCTC-30 and 50-GTTGCTTGATTTGAATTTGAG-30.

Site-specific mutagenesis

Site-specific mutagenesis of the FoxM1 was performed with the

QuikChange site-directed mutagenesis kit (Stratagene) according to

the manufacturer’s instructions. Mutations were confirmed by DNA

sequencing.

Chase and pulse assay

LN229 cells treated with or without Wnt-3a (50 ng/ml) were incu-

bated in methionine and cysteine-free MEM for 15 min. Cells were

pulsed with 0.5 mCi [35S] methionine in methionine and cysteine-

free MEM for 30 min. Cells were washed three times in PBS

and incubated in chase medium (MEM supplemented with 10% FCS
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and 10-fold molar excess of Cys and Met) for the times indicated (0,

2, 4, 6 h). Whole-cell protein extracts were used for IP with

anti-FoxM1 antibodies and subjected to SDS–PAGE and auto-

radiography.

In situ hybridization analysis of Axin2 mRNA

For detection of Axin2 mRNA in human GBM specimens,

RNAscope Intro Pack 2.0 HD Reagent Kit BROWN-Hs and

RNAscope Probe-Hs-AXIN2 (Advanced Cell Diagnostics, #300055

and #400241) were used according to the manufacturer’s instruc-

tions. Briefly, tissue slides were pre-treated with heat and

protease. Then, the slides were incubated with the Axin2 probe

for 2 h at 40°C. Diaminobenzidine was used as the chromogen.

The slides were counterstained with hematoxylin. Two investiga-

tors blinded to the clinical data scored Axin2 mRNA staining by

incorporating the intensity of staining and the percentage of cells

that were positive. The intensity of staining was scored as

follows: no staining (score 0), 1–3 dots/cell (score 1), 4–10 dots/

cell (score 2), and > 10 dots/cell (score 3). The percentage of

positive cells was divided into five percentage scores: < 10%

(score 0), 10–25% (score 1), 26–50% (score 2), 51–75% (score

3), and > 75% (score 4). The samples for IHC studies were

randomized to be examined. The use of human GBM specimens

was approved by the institutional review board at The University

of Texas MD Anderson Cancer Center.

Human tissue samples and IHC analysis

The tissue slides from paraffin-embedded human GBM specimens

were stained with antibodies against phosphor USP5, FoxM1, ICAT,

and cyclin D1. Immunohistochemical analyses were performed on

the tissue slides using a standard immunostaining protocol. Briefly,

deparaffinized slides were treated with 0.3% hydrogen peroxide and

then placed into a citrate buffer antigen-retrieval solution. Slides

were then blocked with 10% normal horse serum with 0.02%

Tween-20. Slide was incubated for overnight at 4°C with the indi-

cated antibody. Slides were next incubated with a secondary anti-

body. Slides were then counterstained with hematoxylin. The

intensity of immunostaining was scored as previously described

(Xue et al, 2015).

Statistical analysis

The sample sizes were justified by statistical considerations and

statistical power analyses. The significance of the data from patient

specimens was determined by the Pearson correlation coefficient

test. The significance of the in vitro data and in vivo data between

experimental groups was determined by 2-tailed Student’s t-test.

P < 0.05 was considered to be significant.

Supplementary information for this article is available online.
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