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Wnt/b-catenin signaling is a delicate and complex signal transduction pathway mediated
by multiple signaling molecules, which plays a significant role in regulating human
physiology and pathology. Abnormally activated Wnt/b-catenin signaling pathway plays
a crucial role in promoting malignant tumor occurrence, development, recurrence, and
metastasis, particularly in cancer stem cells. Studies have shown that the Wnt/b-catenin
signaling pathway controls cell fate and function through the transcriptional and post-
translational regulation of omics networks. Therefore, precise regulation of Wnt/b-catenin
signaling as a cancer-targeting strategy may contribute to the treatment of some
malignancies. SUMOylation is a post-translational modification of proteins that has
been found to play a major role in the Wnt/b-catenin signaling pathway. Here, we
review the complex regulation of Wnt/b-catenin signaling by SUMOylation and discuss
the potential targets of SUMOylation therapy.
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INTRODUCTION

The wingless and Int-1 (Wnt)/b-catenin signaling pathway is a key cascade in embryonic
development, self-renewal of organisms, cell proliferation, differentiation (1–3), and usually
involves in various cancers, such as colorectal cancer (4), breast cancer (5), gastric cancer (6),
ovarian cancer (7), pancreatic cancer (8), prostate cancer (9), leukemia (10), and melanoma (11).
Abnormal activation of this pathway plays an essential role in chemoradiotherapy resistance (12). In
addition, Wnt/b-catenin has emerged as a critical regulator of cancer stem cells (CSCs), which is
considered one of the root causes of cancer recurrence and metastasis because of their heterogeneity
and plasticity (13). Furthermore, the Wnt/b-catenin can crosstalk with other signaling pathways
Abbreviations: PTM, post-translational modification; CSCs, cancer stem cells; LRP5/6,LDL receptor-associated protein 5/6;
DVL, dishevelment; APC, adenomatous polyposis coli; GSK-3b, glycogen synthase kinase 3b; TCF,T-cell factor; LEF,
lymphoid enhancer factor; SUMO, Small Ubiquitin-like Modifier; CBP, CREB binding protein; CtBP, C-terminal binding
protein; SIM, SUMO interaction motif; Ubc9,ubiquitin conjugating enzyme; StUbls, SUMO-targeted ubiquitin ligase; SENP1,
sentrin-specific protease 1; DeSI1, desulphurized isopeptidase 1; USPL1, ubiquitin-specific protease-like 1; NPC, the nuclear
pore complex; GA, ginkgolic acid.
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including Notch, FGF, Hedgehog, and TGF-b/BMP signaling
cascades to form a signaling network to regulate the survival and
progression of cancer cells (14–16). Post-translational
modifications (PTMs) of proteins, including phosphorylation,
acetylation, ubiquitination, and SUMOylation, can regulate the
function of proteins, determine the active state and subcellular
location of proteins, and dynamically interact with other proteins
related to carcinogenesis and progression (17–20). Conceptually,
it is an efficient way to treat cancer involved the hijacking of
PTMs of the key molecules in Wnt/b-catenin. SUMOylation of
proteins is an important mechanism in cellular responses to
environmental stress (21, 22). Recent reports based on proteomic
studies have identified many SUMOylated substrates that play
important roles in the development and progression of cancer.
Proteins associated with the Wnt/b-catenin pathway have been
identified as SUMOylated substrates, and evidences suggested
that the initiation and progression of cancers depended on the
function of the SUMOylation (23). This suggests the possibility
that strictly regulated self-renewal mediated by Wnt signaling in
cancer cells may be disturbed by the SUMOylation pathway to
allow more malignant proliferation. Hence, some studies have
indicated that targeting the SUMOylation modification in Wnt/
b-catenin might be a strategy for the treatment cancer (24).

Following the first member of the Wnt family identified over
the last four decades (25), several recent studies have focused on
the Wnt/b-catenin signaling pathway (26, 27). This has led to an
improved understanding of the multilayered mechanisms of this
pathway transduction proceeds as well as the molecular
mechanism regulating this pathway (28). Signaling is initiated
when the Wnt ligand binds to the Frizzled receptor on the cell
membrane and the LDL receptor-associated protein 5/6 (LRP5/
6) co-receptor. This receptor can induce phosphorylation of
dishevelment (DVL) and recruitment of Axam to destroy the
destructive complex (29). This destructive complex include
adenomatous polyposis coli (APC), glycogen synthase kinase
3b (GSK-3b), Axin, and casein kinase 1 (CK1), which promote
ubiquitination-dependent degradation of phosphorylated b-
catenin (30). Dephosphorylated b-catenin is then translocated
to the nucleus where it initiates intracellular signal transduction.
In the nucleus, b-catenin can bind to members of the
transcription factor (T-cell factor/lymphoid enhancer factor
TCF/LEF) family and recruit transcription coactivators and
CREB binding protein (CBP) to the transcription of the Wnt
target genes (31–33). b-catenin in the nucleus plays key
regulatory roles in cancer cell target genes, including c-Myc
(34), CD44 (35), Lgr5 (25, 36), and axis inhibition protein 2
(Axin2) (37). The C-terminal binding protein (CtBP) can bind to
various transcription factors and play a bidirectional regulatory
role for the transcription of Wnt target gene (38, 39).

SUMOylation of proteins is a process in which small
ubiquitin-like modifier (SUMO) proteins bind to substrates
covalently or non-covalently under the catalysis of SUMO
proteases (40). SUMO proteins in mammalian cells present
four SUMO isoforms: SUMO1, SUMO2/3, and SUMO4 (41).
Although SUMO2 and SUMO3 cannot be distinguished by
antibodies as they are very similar, SUMO1 is quite divergent.
Frontiers in Oncology | www.frontiersin.org 2
Furthermore, the expression levels of SUMO2/3 exceed SUMO1
in human cells (42). The SUMO4 precursor possess proline at
amino acid 90, which seems to limit its processing to yield a
mature form (43). Despite this difference, all SUMO proteins are
activated and conjugated by the same SUMO proteases in an
orderly manner. SUMO proteases are composed of three types of
enzymes: SUMO-activating enzymes (E1), SUMO-conjugating
enzymes (E2), and SUMO-specific ligases (E3) (44). E1s are
composed of two subunits: SAE1/Aos1 and SAE2/Uba2 (45).
There is only one E2, UBC9, among mammals (46). With the
advancement of SUMOylation research, an increasing number of
E3s have been identified, including the PIAS family (PIAS1,
PIASx, PIAS3, and PIASy), RanBP2, and the human polycomb 2
(Pc2) (47, 48). The SUMO enzymes and proteins are
predominantly enriched in the nucleus. However, they have
also been detected in other subcellular locations (cytoplasm,
Golgi apparatus, and plasma membrane) (49). Three distinct
but not mutually exclusive mechanisms determine whether
proteins can be SUMOylated (40). Firstly, substrates can
directly interact with Ubc9 (SUMO consensus site-directed
SUMOylation). Secondly, the substrate possesses the SUMO
interaction motif (SIM) (SIM-dependent SUMOylation).
Thirdly, proteins are recognized by a SUMO E3 ligase, which
is accessible to Ubc9 (E3 ligase-dependent SUMOylation).
Although all SUMO isoforms use the same enzymatic
mechanism, the underlying mechanism determining their
specificity remains unclear. SUMOylation of proteins is a
multi-step enzymatic cascade reaction in which the first step of
the SUMOylation modification is the maturation of SUMO
proteins by SUMO-specific proteases (50). Mature SUMO
proteins are then directly activated by SUMO E1 via ATP
hydrolysis. Consequently, upon interaction of the charged E1
enzyme with E2, SUMO is transferred from E1 to E2, forming an
E2-SUMO thioester. Finally, SUMO is linked to the lysine
residues of target proteins via an isopeptide bond, with or
without stimulation by the ligase enzyme (E3). SUMOylation
of proteins provide a platform for enhancing protein-protein
interactions (51, 52).

DeSUMOylation is the process of removing the SUMO from
SUMOylated substrates (53, 54). The proteins that perform the
function of removing SUMO are mainly two different enzymes:
SUMO-specific proteases and SUMO-targeted ubiquitin ligases
(STUbLs) (44). The main function of SUMO-specific proteases is
to promote maturation of and activate the SUMO protein.
DeSUMOylation can also remove SUMO protein from the
substrate protein and inhibit SUMOylation of the substrates.
The bidirectional action of the enzyme may depend on the
output of the integrated signal in the environment in which
the enzyme is located. With the discovery of sentrin-specific
protease 1 (SENP1) (55), more SUMO-specific proteases have
been discovered, including SENP1-SENP3 and SENP5-SENP7
(56). Subsequently, three novel SUMO-specific proteases have
been identified in humans: desulphurized isopeptidase 1 (DeSI1),
desulphurized isopeptidase 2 (DeSI2), and ubiquitin-specific
protease-like 1(USPL1) (57, 58). Compared to the SENP
protease, the three novel SUMO-specific proteases have a
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unique binding sequence pattern. In addition, STUbls, a family
of functionally conserved enzymes, can negatively regulate
SUMOylation levels. They catalyze the addition of ubiquitin to
proteins previously modified by SUMOylation and promote
protein degradation, illustrating that SUMO can indirectly
promote protein degradation, such as RNF4 and Arkadia
(RNF111) (59). The sub-cellular localization and activity of
these enzymes in response to different stimuli are effective
mechanisms to adjust cellular SUMOylation levels (60, 61).

SUMOylation and deSUMOylation remain in a dynamic
equilibrium, allowing cells to respond rapidly to changing
external and internal pressures and stimuli (44, 62).
SUMOylation and deSUMOylation are involved in cellular
processes such as metabolism, DNA repair, and signal
transduction (40, 63). Dysregulation of SUMOylation and
deSUMOylation can lead to severe defects in cell proliferation
and genomic stability. In this review, we systematically describe
the crosstalk between Wnt/b-catenin signaling and the
SUMOylation modification and briefly emphasize its
therapeutic potential for treating cancer. The detail regulatory
mechanisms between SUMOylation and deSUMOylation are
shown in Figure 1.
SUMOYLATION IS ESSENTIAL FOR
NUCLEAR IMPORT OF Β-CATENIN
b-catenin is an evolutionarily conserved molecule that plays
crucial roles in a variety of developmental and homeostatic
processes (64). Aberrant activation of b-catenin is associated
with cancer. More specifically, b-catenin is not only a structural
Frontiers in Oncology | www.frontiersin.org 3
component of the adhesion junctions of cadherins, but also a key
nuclear effector of Wnt/b-catenin signaling (64). The Wnt/b-
catenin pathway is ultimately centered on the PTM of b-catenin
to maintain its abundance and regulate its subcellular localization
(28). Accumulated b-catenin can translocate from the cytoplasm
to the nucleus and participate in the transcription of multiple
target genes. Nuclear translocation of b-catenin is regulated by
multiple PTMs, including phosphorylation, acetylation,
ubiquitination, and SUMOylation (65–68). However, several
studies demonstrated that b-catenin had no recognizable nuclear
localization signal (NLS) that could be transported to the nucleus
by SUMOylation (67). To date, the mechanism of the interaction
between b-catenin and the SUMOylation modification is not
completely clear. All the studies mentioned above are based on
interactions with other proteins, and there are no reports on
whether b-catenin itself has SUMOylated modification sites to
bind SUMO.

RanBP2 is part of the nuclear pore complex (NPC) and acts as
a SUMO E3 enzyme, which helps macromolecular proteins that
lack nuclear localization signals to enter the nucleus (69). It
promotes the formation of the TCF-4-SUMO1-RanGAP1-Ubc9-
RanBP2 complex by enhancing the SUMOylation of TCF-4 and
the hydrolysis of RanGTP by RanGAP1, which binds to b-
catenin and promotes its nuclear translocation (70). Another
study demonstrated that total b-catenin and nuclear b-catenin
expression were significantly decreased and phosphorylated b-
catenin expression was increased after Uba2, an important
component of the E1 activating enzyme, was knocked out (71).
Briefly, b-catenin is able to enter the nucleus through
SUMOylation of interacting proteins. However, the
phosphorylation level of b-catenin in the cytoplasm increases
FIGURE 1 | Schematic representation of SUMOylation and deSUMOylation. The first step is maturation of the SUMO protein. Then, mature SUMO is directly
activated by SUMO E1 via ATP hydrolysis. Upon interaction of the charged E1 enzyme with E2, SUMO is transferred from E1 to E2. Finally, SUMO links to
substrates by different forms: (A) Substrates directly interact with the Ubc9 (SUMO consensus site–directed SUMOylation); (B) Substrates possess the SUMO
interaction motif (SIM) (SIM-dependent SUMOylation). (C) Proteins are recognized by a SUMO E3 ligase, which can be accessible to the charged Ubc9 (E3
ligase-dependent SUMOylation). However, SUMO-specific proteases could remove the SUMO protein from the substrate. STUbls promote degradation of
SUMOylated substrate.
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when SUMOylation is inhibited, which promotes ubiquitination-
dependent degradation of b-catenin. The SUMOylated
modification appears to be the “ON/OFF” switch that regulates
the nuclear import of b-catenin.

Jiang et al. demonstrated that the deSUMOylation activity of
SENP2 was important for b-catenin stability. SENP2, a
deSUMOylation enzyme, was downregulated in hepatocellular
carcinoma (HCC) tissues (72). The study found that the stability
of b-catenin was significantly reduced, whereas overexpression of
SENP2 inhibited the growth and colony formation of HCC cells
(72). Choi et al. found that SUMOylation excluded TBL1-TBLR1
from the nuclear hormone receptor inhibitor (NCoR) complex
and increased recruitment of the TBL1-TBLR1/b-catenin complex
to the Wnt target gene promoter, resulting in the expression of the
Wnt signal target gene. In contrast, SENP1 reduces the formation
of the TBL1-TBLR1/b-catenin complex, resulting in the inhibition
of b-catenin-mediated transcription (73).

These studies suggest that the dynamic balance between
SUMOylation and deSUMOylation can maintain the stability
and transcriptional activity of b-catenin. The TCF-4-SUMO1-
RanGAP1-Ubc9-RanBP2 complex can be used as a target to
prevent the SUMO modification of b-catenin. b-catenin without
SUMO modification cannot enter into the nuclear and play the
role in the initiation and development of cancer.
SUMOYLATION IS A VITAL REGULATOR
OF KINASE ACTIVITY, PROTEIN
STABILITY, AND NUCLEAR
LOCALIZATION OF GSK-3Β
GSK-3b is a ubiquitously expressed, broadly specific, serine/
threonine kinase. Therefore, GSK-3b regulates a number of
intracellular signaling pathways and is involved in a variety of
biological events, including autophagy, cell apoptosis, and cancer
progression (74–77). This is the axis of the classical Wnt
signaling pathway (78). GSK-3b promotes b-catenin
phosphorylation, leading to ubiquitin-mediated proteolysis.
Active GSK-3b is considered a cancer suppressor as it
promotes the destruction of several oncogenic proteins [e.g., b-
catenin, c-Myc, and myeloid cell leukemia sequence 1 (MCL-1)]
(79). Moreover, GSK-3b has also been found to exhibit
carcinogenic properties, as it up-regulates pathways critical for
cancer cell survival and drug resistance (80).

The SUMOylation of GSK-3b can occur in vitro or in vivo and
is critical for GSK-3b function (81). GSK-3b has been identified
as a potential SUMO substrate in proteomic studies, and the
lysine residue K292 within the activation ring of GSK-3b has
been identified as a SUMO receptor site. SUMOylation is a
positive regulator of kinase activity, protein stability, and nuclear
localization of GSK-3b. In addition, mutation of the
SUMOylation sites in GSK-3b reduces its kinase activity and
stability, significantly increasing cell survival (81). L. Eun Jeoung,
H, et al. evaluated that the effects of GSK-3b SUMOylation on b-
catenin stability and Wnt signaling and confirmed that GSK-3b
SUMO mutant (K292R) increased the cell survival rate
Frontiers in Oncology | www.frontiersin.org 4
compared to the wild type GSK-3b (81). However, direct
evidence is not sufficient to prove this. Wetzel et al. identified
the lysine residue K730 in human ZO-2 as a potential SUMO-
modification site directly bound to SUMO1 (82). SUMOylated
ZO-2 binds directly to GSK-3b and promotes the kinase activity
of GSK-3b. It is inhibited in the presence of SENP1, but not by
inactivated SENP1 protein (82). SUMOylation of GSK-3b and
upregulation of specific SUMO E3 enzyme of GSK-3b in the
tumor microenvironment can inhibit the growth of malignant
tumor, which may be used as a potential target for
cancer treatment.
ACTIVATION OF TCF/LEF COULD BE
REGULATED BY SUMOYLATION

Constitutive activation of TCF/LEF is a key downstream effector
of the Wnt/b-catenin pathway and is often observed in lung,
breast, and colorectal cancers (83). The human TCF/LEF family
consists of four homologous members: TCF-1, LEF-1, TCF-3,
and TCF-4 (84). TCF-4 is found to be conjugated to SUMO at an
endogenous level (70). The SUMOylation site of TCF-4 is
Lys297. When Lys297 is mutated to arginine, activation of
TCF-4 is inhibited. SUMOylation of TCF-4 can be amplified
by PIASy, a SUMO E3 enzyme, and suppressed by Axam, a
deSUMOylation enzyme (70). PIASy enhances TCF-4/b-
catenin-dependent transcriptional activity, whereas Axam
inhibits the SUMOylation of TCF-4. Conversely, lowering
Axam protein levels by siRNA resulted in increased
SUMOylation of TCF-4 and activation of TCF-4 (70). These
results suggest that SUMOylation of TCF-4 is involved in b-
catenin-dependent and TCF-4-mediated gene expression in the
Wnt signaling. LEF1 is a transcription factor and can activate b-
catenin-dependent transcription (85). S. Sachdev, L. et al.
identified that LEF1 could be covalent modified by SUMO at
Lys25 and Lys 267 (86). PIASy, as a novel interaction partner of
LEF1, could significantly increase SUMOylation of LEF1.
However, LEF1 activity is effectively inhibited after co-
expression of PIASy with LEF1, suggesting that SUMOylated
LEF1 inhibits the activation of Wnt/b-catenin pathway (86).
SUMOYLATION OF AXIN HAS NO EFFECT
ON Β-CATENIN RATHER THAN JNK

Axin is a multi-domain protein that interacts with several other
proteins and acts as a negative regulator of Wnt signaling by
down-regulating b-catenin levels (87, 88). Axin is found to
interact with SUMO1 and three SUMO E3 ligase enzymes,
PIAS1, PIASx-b, and PIASy (89). Six amino acids in the C-
terminus of Axin interact with SUMO. The mutation of the six
amino acid residues significantly reduces the expression of
SUMOylated Axin (89). Both the mutation-type and wild-type
Axin can decrease the transcriptional activity of LEF1 and
destabilize b-catenin. SUMOylation of Axin has no effect on
Wnt/b-catenin signaling. In contrast, removing any SUMO sites
June 2022 | Volume 12 | Article 943683
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on Axin could reduce JNK activation (89). This indicates that
SUMOylation of the same protein will have different effects on
different interacting proteins, which depends on the subcellular
location of the protein and the crosstalk between other signaling
pathways. SUMOylation modification of Axin can effectively
cause apoptosis via the JNK pathway rather than the Wnt/b-
catenin pathway.
AXAM AND DESUMOYLATION

Axam (also called SENP2) belongs to the ubiquitin-like protease
1 (Ulp1) cysteine protease family, which possesses hydrolase and
isopeptidase activities of the SUMO-specific proteases (90).
Axam usually localizes to the nucleoplasmic side of NPC by
non-covalent binding with SUMO (91). A recent study showed
that Axam was down-regulated in bladder cancer cells and HCC
tissues (92). Additionally, Axam is identified as a novel Axin-
binding protein that inhibits Wnt signaling by inhibiting the
binding of DVL to Axin (93). Axam loses its deSUMOylation
activity when its catalytic domain is mutated, which restores b-
catenin activity. These results indicate that Axam acts as a
deSUMOylation enzyme and is involved in negative regulation
of the Wnt signaling pathway (94). Another study identified a
new SUMO-specific protease called XSENP1 in Xenopus laevis
that inhibited the expression of Wnt signal transduction target
genes in a manner similar to that of Axam (95). Usually, Axam
cannot be used as an independent therapeutic target for cancer
treatment because of its non-specific deSUMOylation activity.
THE SELF-ACETYLATION AND
SUMOYLATION OF CBP COMPETE WITH
EACH OTHER

CBP is a histone acetyl transferase and transcription cofactor that
regulates the expression of genes involved in a wide range of
cellular processes (96). CBP has attracted great interest as a
promising new epigenetic target for a variety of diseases,
including malignancies, since its discovery in 2006 (97).
Studies showed that CBP could be covalently modified by
SUMO1 in vitro and in vivo (98, 99). This covalent
modification occurs at lysine residues 999, 1034, and 1057 of
the CBP protein. CBP SUMOylation can be reversed by the
overexpression of SENP2, a SUMO-specific protease (98).
SUMO modification negatively regulates CBP transcriptional
activity by recruiting the death domain-associated protein
(Daxx) (98). Because CBP does not bind to DNA on its own,
SUMOmodification inhibits the intrinsic transactivation of CBP,
and decreases the activity of Wnt signaling pathway. SUMO1
binding the ZZ domain in CBP is identified using nuclear
magnetic resonance (NMR) spectroscopy (100). This SUMO
site represents a unique SUMO interaction epitope that is
spatially opposed to the epitope observed in a typical SIM. The
presence of the ZZ domain in CBP enhances SUMOylation
(100). Another study showed that the bromodomain (BRD)
Frontiers in Oncology | www.frontiersin.org 5
and plant homeodomain (PHD) domains of CBP, in addition
to the ZZ domain, were the sites of interaction between SUMO1
and Ubc9, further suggesting that CBP might act as a SUMO E3
ligase enzyme to promote intramolecular SUMOylation of
adjacent cycle regulatory domain 1 (CRD1) (99). The
competition between self-acetylation and SUMOylation of
lysine residues in CRD1 determines that CBP responds to
various signals as a transcriptional activator or as a suppressor
(99). The roles of the different modifications (self-acetylation and
SUMOylation) of CBP in Wnt/b-catenin pathway need to clarify
in the future.
SUMOYLATION OF CTBP1 PROFOUNDLY
AFFECTS ITS SUBCELLULAR
LOCALIZATION AND TRANSCRIPTIONAL
ACTIVITY

Mammalian CtBPs (CtBP1 and CtBP2) bind to various
transcription factors and play a bidirectional regulatory role as
a gene-specific activator and repressor of Wnt target gene
transcription (39, 101). In earlier investigation, CtBPs played
its role in transcriptional repression (102). However, CtBP can
directly co-activate TCF4/LEF at key sites of the target genes to
promote CSC self-renewal in CRCs (38). Lin et al. reported that
SUMOylation of CtBP1 occurred at a single lysine residue
(Lys428) of CtBP1, which was promoted by PIAS1 and PIASx-
b. SUMOylation of CtBP1 substantially affected its subcellular
localization and transcriptional activity (103). CtBP1 is
transferred from the nucleus to the cytoplasm and loses its
transcriptional activity after mutation at the SUMOylated
Lys428 site (103, 104). Pc2 is a SUMO E3 ligase enzyme and
significantly amplifies CtBP SUMOylation (105–107). Riefler et
al. demonstrated an increase in nuclear accumulation of CtBP1
after binding to SUMO (108). The decreased SUMOylation of
CtBP1 can result in the cytoplasmic retention of CtBP1 (108).
These studies suggest that SUMOylation plays a critical role in
nuclear retention of CtBP and positively regulating the activity of
Wnt signaling pathway. Notably, CtBP2, a close homolog of
CtBP1, lacks SUMOylation sites and is not modified by SUMO1.
In addition, SUMOylation of friend of GATA1 could promote
the interaction with members of the CtBP family, particularly
CtBP1 (109).
SUMOYLATION OF SMAD3/4

Wnt/b-catenin and Smad3/4 can crosstalk with each other (110).
In the cytoplasm, Smad3 directly promotes the nuclear
translocation of b-catenin (111), which regulates the
expression of different target genes. Several studies have shown
that inactivation of Smad4 can promote self-renewal of CSCs
(112). As a cancer suppressor, Smad4 is involved in Wnt-Kras-
mediated inhibition of colorectal cancer. The loss of Smad4 and
activation of Wnt signaling can create conditions favorable to the
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fate of stem cells and enable them to re-enter the cell cycle (113).
Freeman et al. demonstrated that reduced levels of Smad4
correlated with increased levels of b-catenin mRNA (114).
Smad3/4 is a target of PTMs, such as phosphorylation,
ubiquitination, SUMOylation, and ADP ribosylation. However,
the effect of PTM of Smad3/4 on Wnt signaling, particularly
SUMOylation, has been poorly reported.

Recent data indicated that SUMO1 could bind to the C-
terminal domain of Smad3, which was increased in the presence
of PIASy, resulting in its translocation to the cytoplasm in vivo
and in vitro (115). The cytoplasmic Smad3 can promote the
nuclear translocation of b-catenin and activate Wnt signaling
pathway. The co-expression of PIASy and SUMO1 not only
affects the subcellular localization of Smad3 but also affects the
binding activity of Smad3 to DNA. PIASy can regulate TGF-b/
Smad3-mediated signaling by stimulating SUMOylation and
nuclear output of Smad3 (116). SUMO1 and SUMO2/3 could
bind to Smad4 in vitro and in vivo (117, 118). SUMOylation
affects the stability, transcriptional activity, and subcellular
localization of Smad4 (119). The major SUMOylation site in
Smad4 is located in its linker fragment at Lys159, with an
additional site at Lys113 in the MH-1 domain. Double
mutations at these two sites enhance Smad4 stability (120).
SUMOylation of Smad4 is amplified by PIAS1, PIASx-a,
PIASx-b, and PIASy (118). Overexpression of SUMO1 and
Ubc9 inhibits TGF-b reactivity reporter genes, whereas co-
transfection with SUMO1 protease-1 (SuPr-1) increases TGF-b
recovery (117). In addition, direct fusion of Smad4 with mutant
sites (K113R and K159R) and SUMO1 effectively inhibits its
transcriptional activity (117). Lee et al. reported that Smad4
could be modified by SUMO2/3 (but not SUMO1) to further
activate TGF-b/Smad signaling in mesangial cells under high
glucose conditions (121). Liu et al. demonstrated that ginkgolic
acid (GA), a SUMO1 inhibitor, could inhibit carcinogenesis and
cancer progression in oral squamous cell carcinoma by inhibiting
Smad4 SUMOylation in a time- and concentration-dependent
manner (122). The transcriptional activity of SUMOylationed
Smad4 can be stimulated or inhibited in different cells at different
niches, which may lead to different transcriptional effects.
CD44 AND SUMOYLATION

CD44 is a member of the transmembrane glycoprotein family
(123), and involves in several physiological and pathological
processes, including hematopoiesis, inflammation, and cancer
(124, 125). CD44, as a CSC marker, is a key target gene of the
Wnt signaling pathway (35, 126), and can positively regulate
Wnt signaling by regulating the localization and activation of
LRP6 (127). Although few studies have focused on the PTM of
CD44, it has been confirmed that CD44 was regulated by
SUMOylation (128). This is supported by the fact that the
expression of MMP14 and CD44 is reduced and the migration
of cells in basal breast cancer is reduced by knockdown of Ubc9
and PIAS1, which suggests that SUMOylation has a significant
effect on the stability of CD44 (128, 129). At the same time, small
Frontiers in Oncology | www.frontiersin.org 6
molecule inhibitors of SUMO in primary colorectal cancers
could inhibit the mRNA levels and protein expression of
CD44, and the former decreased more significantly in vitro
(130). However, Huang, X et al. proved that deficiency of Ubc9
could lead to an increase in CD44+ stem cells, which promoted
the proliferation and migration of bladder cancer cells (131).
These seemingly contradictory outcomes indicate that different
mechanisms of SUMOylation regulating CD44 expression exist
in different cell tumor microenvironments. A clearer insight of
the molecular environment and the different cellular
components that elicit differential results of CD44 will be
essential to understand the effects of the SUMOylation
modification on renewal in CSCs. A schematic representation
of the crosstalk between SUMOylation and Wnt/b-catenin
pathway is shown in Figure 2.
WNT/Β-CATENIN SIGNALING REGULATES
SUMOYLATION

Several studies have reported that Wnt/b-catenin pathway could
regulate the SUMOylation of other proteins (132, 133). More
recently, Satow et al. showed that Wnt proteins regulated
SUMOylation of ZIC5 (132). Wnt activity could promote the
binding of SUMO to lysine residues in the highly conserved (ZF-
NC) domain of ZIC5, which was critical for neural ridge
development in mice. Interestingly, after treating the HEK293T
cells with the GSK-3b inhibitor LiCl, the proportion of
SUMOylated ZIC5 increased, whereas the ability of ZIC5 to
inhibit TCF-dependent transcription decreased in a time-
dependent manner (132). This study reveals the importance of
SUMOylation of the ZF-NC domain of ZIC5 and the activity of
Wnt in neural crest development in mice. It has also observed
that targeting global SUMOylation or Wnt may have potential
side effects, and a more precise location and time of intervention
of SUMOylation need to studied in detail. Furthermore, another
study showed that b-catenin interacted with promyelocytic
leukemia protein (PML) transcript variant IV and disrupted
PML nuclear body (NB) formation by inhibiting SUMOylation
of PML transcript variant IV mediated by RanBP2 (133).
Furthermore, Picard et al. reported that a striking decrease of
SUMOylated estrogen receptor (ER) b appeared after the
inhibition of GSK-3b expression. The SUMOylation
modification of ERb regulated by GSK-3b was associated with
the stabilization and transcriptional activity of ERb (134). ERb
could interfere with ERa-mediated oncogenic proliferation of
breast cancer cell (135).
CONCLUSION

Genome-wide mapping techniques and proteomics have further
promoted the study of dynamic changes in Wnt signaling
networks and transcription complexes. These SUMO families
have been found to effectively integrate into the Wnt signaling
pathway, playing a key role in cancer self-renewal. Just as normal
June 2022 | Volume 12 | Article 943683
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crosstalk between Wnt signaling and the SUMOylation
modification may promote self-renewal of stem cells and
organization, aberrant crosstalk may be tumorigenic in
different systems. Finally, the influence of the SUMOylation
modification on Wnt signaling appears to extend to CSCs, the
most primitive cancer cells. As Wnt/b-catenin signaling seems to
Frontiers in Oncology | www.frontiersin.org 7
be required for stem cells and cancer cells, the ability of the
SUMOylation modification to modulate Wnt signaling either
positively or negatively may be of therapeutic relevance. Thus,
understanding the interference of the SUMOylation
modification on Wnt signaling may allow us to better control
cancer cells when the treatment effect is unsatisfactory.
FIGURE 2 | Schematic representation of the SUMOylation on the components of Wnt/b-catenin pathways. Nuclear translocation of b-catenin is regulated by SUMO.
The SUMOylation of TCF-4 increases the activity of TCF-4. SUMOylated TCF promotes the binding of b-catenin to RanBP2 of the nuclear pore complex into the
nucleus. SUMOylation of GSK-3b improves kinase activity and protein stability. The SUMOylation of LEF1 and its co-expression with PIASy resulted in effective
inhibition of LEF1 activity. The SUMOylation of Axin had no effect on Wnt signaling. Axam acts as deSUMOylated enzyme to downregulate b-catenin and implicates
the negative regulation of Wnt signaling pathway. SUMO modification negatively regulates CBP transcriptional activity by recruiting Daxx. The CBP may act as the
SUMO E3 ligase enzyme, which promotes intramolecular SUMOylation of adjacent CRD1 domains. Binding of CtBP1 to SUMO increases nuclear accumulation.
Smad3 SUMOylation is enhanced in the presence of PIASy, resulting in translocation to the cytoplasm. Under the influence of PIASy, PIAS1, PIASxa, and PIASxb,
SUMOylation reduces the stability and transcriptional activity of Smad4, but the effect on Wnt/b-catenin is not clear.
TABLE 1 | SUMOylation on the key proteins involved in Wnt/b-catenin signaling pathway and their corresponding effects on the activity of Wnt/b-catenin signaling
pathway.

Proteins SUMOylation sites E3 SUMOylation and
deSUMOylation

Activity
of Wnt signaling

pathway

Cancers and cell lines References

b-
catenin

no available RanBP2 SUMOylation up hepatocellular carcinoma (67, 69, 70)
(72, 73),deSUMOylation down

GSK-3b Lys292 no available SUMOylation down COS-1 cell line (81)
deSUMOylation up

TCF Lys297 PIASy SUMOylation up Hela S3 cell lines (70)
deSUMOylation down

LEF1 Lys 25 and Lys 267 PIASy SUMOylation down Jurkat cell lines (86)
Axin six amino acids in the C-

terminus
PIAS1, PIASx-b, and
PIASy

SUMOylation no significance 293T cell line (89)

Axam no available no available deSUMOylation down COS and SW480 cell lines (94)
CBP Lys999, 1034, 1057 and

the ZZ domain
no available SUMOylation down MACH-1, COS-1, and 293 cell

lines
(98, 100)

deSUMOylation up
CtBP1 Lys428 PIAS1, PIASx-b and

Pc2
SUMOylation up HeLa and A549 cell lines (103, 104)

(105–107)deSUMOylation down
Smad3 C-terminal domain PIASy SUMOylation up COS, 293T and Hep3B cell line (116–118)
Smad4 Lys159 and Lys113 PIAS1 PIASx-a, PIASx-

b and PIASy
SUMOylation up colorectal cancer and oral

squamous cell
carcinoma

(120–122)

CD44 no available PIAS1 SUMOylation unknown breast cancer, colorectal cancer,
and bladder cancer

(128, 129)
deSUMOylation
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SUMOylation on the key proteins involved in Wnt/b-catenin
signaling pathway and their corresponding effects on the activity
of Wnt/b-catenin signaling pathway have been showed in
Table 1. Targeting SUMOylation modification of proteins has
been proposed for the treatment of cancer. Several researchers
have proposed improving the efficiency of cancer therapy by
modifying targeted cancer pathways using SUMO, including
small-molecule inhibitors. GA, a small-molecule SUMO
inhibitor, could inhibit the growth of basal breast cancer
xenografts in mice (128). Liu et al. demonstrated that GA
could inhibit carcinogenesis and cancer progression in oral
squamous cell carcinoma by inhibiting Smad4 SUMOylation in
a time- and concentration-dependent manner (122). However,
SUMOylation modification is also subject to a series of precise
regulations, and has different binding forms with target proteins.
In addition, tumor microenvironment can also regulate the
SUMOylation modification to exert different functions. At
present, most of the studies about SUMOylation modification
were finished in vitro and in vivo, cell and animal experiments
were difficult to simulate the microenvironment of human
malignant tumors. Furthermore, while we focused on the
interaction between SUMO and different Wnt members, the
effects of SUMOylation modification on proteins other thanWnt
signaling pathway cannot be ignored.

Wnt/b-catenin pathway components undergo SUMOylation
at different reaction levels. Owing to constantly evolving
technology, the stage in which the SUMOylation modification
may influence Wnt signaling in cancer cells may extend beyond
the examples illustrated above. This pathway regulation is
further complicated by the fact that the SUMO family is
involved in many component modifications and is subject to
crosstalk with other PTMs. SUMOylation of the same protein
may result in opposite regulation of different downstream
effector proteins. The same protein in cancer cells signals
Frontiers in Oncology | www.frontiersin.org 8
multiple dynamic changes in response to internal and external
environmental changes in different cancer niches. The challenge
for the future is that small-molecule inhibitors of SUMO in
different stages of Wnt/b-catenin should be more targeted and
spatio-temporally specific to achieve a precise impact on cancer
stem cells under macro conditions.
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110. Labbé E, Letamendia A, Attisano L. Association of Smads With Lymphoid
Enhancer Binding Factor 1/T Cell-Specific Factor Mediates Cooperative
Signaling by the Transforming Growth Factor-Beta and Wnt Pathways. Proc
Natl Acad Sci U S A (2000) 97:8358–63. doi: 10.1073/pnas.150152697

111. Zhang M, Wang M, Tan X, Li TF, Zhang YE, Chen D. Smad3 Prevents Beta-
Catenin Degradation and Facilitates Beta-Catenin Nuclear Translocation in
Chondrocytes. J Biol Chem (2010) 285:8703–10. doi: 10.1074/
jbc.M109.093526

112. Lee PS, Chang C, Liu D, Derynck R. Sumoylation of Smad4, the Common
SmadMediator of Transforming Growth Factor-Beta Family Signaling. J Biol
Chem (2003) 278:27853–63. doi: 10.1074/jbc.M301755200

113. Perekatt AO, Shah PP, Cheung S, Jariwala N, Wu A, Gandhi V, et al. SMAD4
Suppresses WNT-Driven Dedifferentiation and Oncogenesis in the
Differentiated Gut Epithelium. Cancer Res (2018) 78:4878–90. doi:
10.1158/0008-5472.CAN-18-0043

114. Freeman TJ, Smith JJ, Chen X, Washington MK, Roland JT, Means AL, et al.
Smad4-Mediated Signaling Inhibits Intestinal Neoplasia by Inhibiting
Expression of b-Catenin. Gastroenterology (2012) 142:562–71.e2. doi:
10.1053/j.gastro.2011.11.026

115. Imoto S, Sugiyama K, Muromoto R, Sato N, Yamamoto T, Matsuda T.
Regulation of Transforming Growth Factor-Beta Signaling by Protein
Inhibitor of Activated STAT, PIASy Through Smad3. J Biol Chem (2003)
278:34253–8. doi: 10.1074/jbc.M304961200

116. Imoto S, Ohbayashi N, Ikeda O, Kamitani S, Muromoto R, Sekine Y, et al.
Sumoylation of Smad3 Stimulates its Nuclear Export During PIASy-
Frontiers in Oncology | www.frontiersin.org 11
Mediated Suppression of TGF-Beta Signaling. Biochem Biophys Res
Commun (2008) 370:359–65. doi: 10.1016/j.bbrc.2008.03.116

117. Long J, Wang G, He D, Liu F. Repression of Smad4 Transcriptional Activity
by SUMO Modification. Biochem J (2004) 379:23–9. doi: 10.1042/
bj20031867

118. Ohshima T, Shimotohno K. Transforming Growth Factor-Beta-Mediated
Signaling via the P38 MAP Kinase Pathway Activates Smad-Dependent
Transcription Through SUMO-1 Modification of Smad4. J Biol Chem (2003)
278:50833–42. doi: 10.1074/jbc.M307533200

119. Shimada K, Suzuki N, Ono Y, Tanaka K, Maeno M, Ito K. Ubc9 Promotes
the Stability of Smad4 and the Nuclear Accumulation of Smad1 in
Osteoblast-Like Saos-2 Cells. Bone (2008) 42:886–93. doi: 10.1016/
j.bone.2008.01.009

120. Lin X, Liang M, Liang YY, Brunicardi FC, Melchior F, Feng XH. Activation
of Transforming Growth Factor-Beta Signaling by SUMO-1 Modification of
Tumor Suppressor Smad4/DPC4. J Biol Chem (2003) 278:18714–9. doi:
10.1074/jbc.M302243200

121. Zhou X, Gao C, Huang W, Yang M, Chen G, Jiang L, et al. High Glucose
Induces Sumoylation of Smad4 via SUMO2/3 in Mesangial Cells. BioMed
Res Int (2014) 2014:782625. doi: 10.1155/2014/782625

122. Liu K, Wang X, Li D, Xu D, Li D, Lv Z, et al. Ginkgolic Acid, a SUMO-1
Inhibitor, Inhibits the Progression of Oral Squamous Cell Carcinoma by
Alleviating SUMOylation of SMAD4. Mol Ther Oncolytics (2020) 16:86–99.
doi: 10.1016/j.omto.2019.12.005

123. Orian-Rousseau V, Ponta H. Perspectives of CD44 Targeting Therapies.
Arch Toxicol (2015) 89:3–14. doi: 10.1007/s00204-014-1424-2

124. Erfani E, Roudi R, Rakhshan A, Sabet MN, Shariftabrizi A, Madjd Z.
Comparative Expression Analysis of Putative Cancer Stem Cell Markers
CD44 and ALDH1A1 in Various Skin Cancer Subtypes. Int J Biol Markers
(2016) 31:e53–61. doi: 10.5301/jbm.5000165

125. Ponta H, Sherman L, Herrlich PA. CD44: From Adhesion Molecules to
Signalling Regulators. Nat Rev Mol Cell Biol (2003) 4:33–45. doi: 10.1038/
nrm1004

126. Walter RJ, Sonnentag SJ, Munoz-Sagredo L, Merkel M, Richert L, Bunert F,
et al. Wnt Signaling is Boosted During Intestinal Regeneration by a CD44-
Positive Feedback Loop. Cell Death Dis (2022) 13:168. doi: 10.1038/s41419-
022-04607-0

127. Schmitt M, Metzger M, Gradl D, Davidson G, Orian-Rousseau V. CD44
Functions in Wnt Signaling by Regulating LRP6 Localization and Activation.
Cell Death Differ (2015) 22:677–89. doi: 10.1038/cdd.2014.156

128. Bogachek MV, Chen Y, Kulak MV, Woodfield GW, Cyr AR, Park JM, et al.
Sumoylation Pathway is Required to Maintain the Basal Breast Cancer
Subtype. Cancer Cell (2014) 25:748–61. doi: 10.1016/j.ccr.2014.04.008

129. De Andrade JP, Lorenzen AW, Wu VT, Bogachek MV, Park JM, Gu VW,
et al. Targeting the SUMO Pathway as a Novel Treatment for Anaplastic
Thyroid Cancer. Oncotarget (2017) 8:114801–15. doi: 10.18632/
oncotarget.21954

130. Bogachek MV, Park JM, De Andrade JP, Lorenzen AW, Kulak MV, White
JR, et al. Inhibiting the SUMO Pathway Represses the Cancer Stem Cell
Population in Breast and Colorectal Carcinomas. Stem Cell Rep (2016)
7:1140–51. doi: 10.1016/j.stemcr.2016.11.001

131. Huang X, Tao Y, Gao J, Zhou X, Tang S, Deng C, et al. UBC9 Coordinates
Inflammation Affecting Development of Bladder Cancer. Sci Rep (2020)
10:20670. doi: 10.1038/s41598-020-77623-9

132. Ali RG, Bellchambers HM, Warr N, Ahmed JN, Barratt KS, Neill K, et al.
WNT-Responsive SUMOylation of ZIC5 Promotes Murine Neural Crest
Cell Development, Having Multiple Effects on Transcription. J Cell Sci (2021)
134:256792. doi: 10.1242/jcs.256792

133. Satow R, Shitashige M, Jigami T, Fukami K, Honda K, Kitabayashi I, et al. b-
Catenin Inhibits Promyelocytic Leukemia Protein Tumor Suppressor
Function in Colorectal Cancer Cells. Gastroenterology (2012) 142:572–81.
doi: 10.1053/j.gastro.2011.11.041

134. Picard N, Caron V, Bilodeau S, Sanchez M, Mascle X, Aubry M, et al.
Identification of Estrogen Receptor b as a SUMO-1 Target Reveals a
Novel Phosphorylated Sumoylation Motif and Regulation by Glycogen
Synthase Kinase 3b. Mol Cell Biol (2012) 32:2709–21. doi: 10.1128/
MCB.06624-11
June 2022 | Volume 12 | Article 943683

https://doi.org/10.1038/s41388-019-0807-5
https://doi.org/10.1038/s41388-019-0807-5
https://doi.org/10.1073/pnas.0504460102
https://doi.org/10.1073/pnas.1703105114
https://doi.org/10.1074/jbc.M115.711325
https://doi.org/10.1002/bies.10212
https://doi.org/10.1128/MCB.19.1.777
https://doi.org/10.1016/S1097-2765(03)00175-8
https://doi.org/10.1074/jbc.M509051200
https://doi.org/10.1038/sj.emboj.7600506
https://doi.org/10.1038/sj.emboj.7600506
https://doi.org/10.1016/S0092-8674(03)00159-4
https://doi.org/10.1016/j.biocel.2007.01.025
https://doi.org/10.1074/jbc.M106503200
https://doi.org/10.1074/jbc.M109.096909
https://doi.org/10.1073/pnas.150152697
https://doi.org/10.1074/jbc.M109.093526
https://doi.org/10.1074/jbc.M109.093526
https://doi.org/10.1074/jbc.M301755200
https://doi.org/10.1158/0008-5472.CAN-18-0043
https://doi.org/10.1053/j.gastro.2011.11.026
https://doi.org/10.1074/jbc.M304961200
https://doi.org/10.1016/j.bbrc.2008.03.116
https://doi.org/10.1042/bj20031867
https://doi.org/10.1042/bj20031867
https://doi.org/10.1074/jbc.M307533200
https://doi.org/10.1016/j.bone.2008.01.009
https://doi.org/10.1016/j.bone.2008.01.009
https://doi.org/10.1074/jbc.M302243200
https://doi.org/10.1155/2014/782625
https://doi.org/10.1016/j.omto.2019.12.005
https://doi.org/10.1007/s00204-014-1424-2
https://doi.org/10.5301/jbm.5000165
https://doi.org/10.1038/nrm1004
https://doi.org/10.1038/nrm1004
https://doi.org/10.1038/s41419-022-04607-0
https://doi.org/10.1038/s41419-022-04607-0
https://doi.org/10.1038/cdd.2014.156
https://doi.org/10.1016/j.ccr.2014.04.008
https://doi.org/10.18632/oncotarget.21954
https://doi.org/10.18632/oncotarget.21954
https://doi.org/10.1016/j.stemcr.2016.11.001
https://doi.org/10.1038/s41598-020-77623-9
https://doi.org/10.1242/jcs.256792
https://doi.org/10.1053/j.gastro.2011.11.041
https://doi.org/10.1128/MCB.06624-11
https://doi.org/10.1128/MCB.06624-11
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Fan et al. SUMOylation and Wnt/b-Catenin Pathway
135. Lazennec G, Bresson D, Lucas A, Chauveau C, Vignon F. ER Beta Inhibits
Proliferation and Invasion of Breast Cancer Cells. Endocrinology (2001)
142:4120–30. doi: 10.1210/endo.142.9.8395

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
Frontiers in Oncology | www.frontiersin.org 12
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fan, Yang, Zheng, Yang, Ning, Gao and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
June 2022 | Volume 12 | Article 943683

https://doi.org/10.1210/endo.142.9.8395
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Regulation of SUMOylation Targets Associated With Wnt/β-Catenin Pathway
	Introduction
	SUMOylation is Essential for Nuclear Import of β-Catenin
	SUMOylation is a Vital Regulator of Kinase Activity, Protein Stability, and Nuclear Localization of GSK-3β
	Activation of TCF/LEF Could be Regulated by SUMOylation
	SUMOylation of Axin has No Effect on β-catenin Rather Than JNK
	Axam and DeSUMOylation
	The Self-Acetylation and SUMOylation of CBP Compete With Each Other
	SUMOylation of CtBP1 Profoundly Affects its Subcellular Localization and Transcriptional Activity
	SUMOylation of Smad3/4
	CD44 and SUMOylation
	Wnt/β-Catenin Signaling Regulates SUMOylation
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


